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3ABSTRACT
Existing models of perianth evolution are inadequate to explain morphological variation 
in tepals of early-divergent angiosperms as conventional concepts regarding the 
perianth include an unstated assumption that the characteristics of sepalness 
(possessing sepal-like characters) and petalness (possessing petal-like characters) 
must be fixed to entire individual organs. However, initial observations found that in 
Nuphar Smith, Nymphaea L. (Nymphaeaceae) and Schisandra Michx.
(Schisandraceae), sepaloid (green) and petaloid (colourful) patches can both occur on 
the same individual perianth organs. Furthermore, in Nuphar and Nymphaea the region 
of tepal that is exposed when the flower is in bud ultimately becomes sepal-like, 
whereas nearly all of the covered tissue becomes petaloid. The positions of these 
areas on the tepals suggest that the environment determines these developmental 
fates. 
In order to test this hypothesis that I employed three different (interlinked) types of 
research: (1) Morphological study of normal buds found that in Nuphar lutea and 
Nymphaea caerulea, green and colourful areas on the perianth differ from each other 
in features that often distinguish sepals and petals. (2) Field experiments found that the 
development of sepaloid patches in the perianth of these species is initiated by 
exposure. The results indicate that although light is an important environmental cue, 
other factors also appear to be involved, such as absent of surface contact. (3) RNA in-
situ hybridisation to ascertain whether the expression zones of B-genes in maturing 
tepals correspond to the petaloid and not the sepaloid regions, was unsuccessful due 
to high background staining. However, this study identified possibly causes and 
solutions to aid future in-situ studies. 
4Preliminary observations on other ANA-grade angiosperms made during this study 
(Illiciaceae and possible Amborella), suggests sepal-petal differentiation within 
individual perianth organs was the ancestral condition of the perianth, and supports a
novel theory on perianth evolution called the Mosaic theory. In this theory sepalness 
and petalness evolved in early angiosperms but were not fixed to particular organs and 
were primarily environmentally controlled. At a later stage in angiosperm evolution, 
sepaloid and petaloid characteristics became fixed to whole organs in specific whorls, 
thus reducing or removing the need for environmental control in favour of fixed 
developmental control. 
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CHAPTER I
INTRODUCTION TO PERIANTH EVOLUTION
1.1 Novel observations on ANA-grade angiosperms 
Studies of floral organ identity genes have yielded important data for the study of 
perianth evolution. However, new molecular models for the control of floral organ 
identity are often explained using conventional concepts on flower structure and this 
can obscure new and interesting observations on phylogenetically important taxa. For 
example, traditional concepts for classifying perianth organs of angiosperms assume 
that sepalness and petalness always occur separately and are fixed to individual whole 
organs, as in the sepals and petals of higher eudicots. Preliminary observations on the 
ANA-grade angiosperms Nuphar, Nymphaea, and Schisandra indicate that 
differentiation does not occur between the perianth whorls, but within their individual 
perianth organs. In these genera, sepaloid (green) and petaloid (colourful) patches 
often co-occur on the same individual perianth organ. Furthermore, in Nymphaea and 
Nuphar it is generally the region of tepal that is exposed when the flower is in bud that 
becomes sepal-like, whereas covered tissue becomes petaloid. This characteristic was 
also noted in Nymphaea by Conard (1905), who described the link between exposure 
and the presence of the sepal-like areas in this species, though our observations on 
Nuphar appear to be novel. A recent study of B-class gene expression patterns in the 
tepals of Nuphar advena appears to support the classification of the green and 
colourful areas as sepaloid and petaloid respectively. Kim et al. (2005) found that in 
Nuphar, B-class genes (Nu.ad.PI and Nu.ad.AP3) are expressed in all the organs of 
small (10–13mm width) flower buds, but B-gene expression seems to be slightly 
stronger in the inner tepals and the tips of the outer tepals; i.e. the areas which appear 
morphologically most petaloid. 
22
Environmental control of differentiation within individual perianth organs observed in 
these early-divergent genera could also occur in other angiosperm lineages, including 
some eudicots, monocots and even Amborella (K. Warner pers. obs.; as discussed in 
Chapter 3). The fact that this character state occurs in multiple lineages, including 
early-diverging lineages, suggests that it might have been plesiomorphic in 
angiosperms. This supports a novel theory for the evolution of distinct sepaloid and 
petaloid organs in angiosperms which I will call the Mosaic theory. In this theory the 
bipartite perianth evolved in two distinct steps that could have been separated by 
millions of years; (1) in the ancestors of the extant angiosperms, sepalness and 
petalness had evolved but were not specific to any floral organs and their precise 
locations were controlled by the environment. (2) Later in angiosperm evolution, these 
characters became fixed to specific perianth organs, creating sepals and petals, and 
their developmental fate was presumably no longer under environmental control. The 
aim of this thesis is to test the Mosaic theory using field experiments, morphological 
data and an evolutionary developmental study on Nuphar, Nymphaea and Schisandra.
In this chapter I will discuss current theories on the evolution of the perianth, including 
its origin in the early angiosperms and its subsequent diversification.
1.2 Background 
The evolution of the flower was one of the most significant innovations of the 
angiosperms (flowering plants). As well as being a central factor in the success of the 
angiosperms, flowers are also crucial in the production of seeds and fruit for human 
food, and their aesthetic value is the basis of floristry and the horticultural industries 
(Frohlich 2006). It is therefore unsurprising that the evolution of the flower has been 
studied extensively using many different techniques including paleobotany, 
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morphological and, more recently, molecular data.
The perianth is one of the key characteristics of the angiosperms that evolved in the 
angiosperm stem group, as the earliest diverging angiosperm lineages all have 
perianths.  It consists of several sterile, dorsiventrally flattened organs (phyllomes) that 
surround the fertile floral organs. The perianth typically functions to protect the 
immature reproductive organs and to attract pollinators and then to direct them to the 
reproductive organs. In many angiosperms, particularly the higher eudicots, the 
perianth is bipartite and differentiated into two (or more) distinct series or whorls that 
show different morphologies – an outer whorl of sepals (the calyx) and an inner whorl 
of petals (the corolla). By contrast, many early-divergent angiosperms, monocots and 
some early-divergent eudicots show little or no morphological distinction between the 
outer and inner perianth series. In these cases, the perianth members are collectively 
termed tepals and the perianth is classed as unipartite. In some other angiosperm taxa, 
a perianth is absent and the flower is naked or enclosed by a bract/s.  
Numerous theories on the evolution of the perianth have been based on morphological 
data. However, reconstructing the ancestral perianth is complicated by the absence of 
confirmed stem-group angiosperm fossils that could illustrate steps in the origin of the 
perianth (Frohlich & Chase 2007), and by the high degree of morphological and 
functional diversity of perianths in the extant angiosperms. The genetic developmental 
program for specifying petal identity (B-class genes) is relatively conserved, especially 
in eudicots. In all but a few studied angiosperms, B-class genes are expressed in the 
petals and stamens but are absent from the sepals (Sommer et al. 1990; Coen & 
Meyerowitz 1991; Hansen et al. 1993; Kim et al. 2005). Comparative morphological 
and molecular studies in many angiosperms have demonstrated that modifications in 
this petal-identity program have resulted in different perianth morphologies and in the 
origin of novel petaloid organs (Kramer et al. 2003, 2007; Tsai et al. 2004; Ackerman et 
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al. 2008). The integration of data from these two fields of research has resulted in a 
more comprehensive understanding of the evolution of the perianth. 
1.3 The morphological gap between the reproductive 
structures of extant gymnosperms and angiosperms 
1.3.1 Perianth organs do not occur in extant gymnosperms 
The apparently sudden appearance and rapid morphological diversification of the 
angiosperms in the fossil record is frequently referred to as Darwin’s ‘abominable 
mystery’ (Crepet 1998). Flowers are the key characteristic of the angiosperms and a 
major component of this mystery, due to the large morphological gap between 
gymnosperms and angiosperms, which causes difficulty in determining homologies 
between the angiosperm flower and the reproductive structures of their closest living 
and fossil gymnosperm relatives (Frohlich 2003, 2006). The temporal length of this gap 
with extant gymnosperms is controversial. Although living plus fossil gymnosperms 
together are paraphyletic, most studies using molecular phylogenetics suggest that the 
extant gymnosperms are monophyletic and separated from the lineage that gave rise 
to the angiosperms by around 300 million years ago (MYA) (Chaw et al. 1997, 2000; 
Soltis et al. 1999; Bowe et al. 2000). However, the most earliest angiosperm fossils (of 
pollen) are from only 136 MYA and the earliest macrofossils of flowers are not much 
more than 125 MYA (Frohlich & Chase 2007; Friis et al. 2006), None of these fossil 
flowers clearly represent stem-group angiosperms. In addition, it is not clear which of 
the many fossil gymnosperm groups may be related to angiosperms, so clear evidence 
of the trajectory of flower origin is yet to be discovered in the fossil record  (reviewed by 
Bateman et al. 2006; Frohlich 2006; Frohlich & Chase 2007). 
Characteristics of the angiosperm flower that distinguish it from the gymnosperm 
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reproductive cone include the following features (Crane et al. 1995; Stuessy 2004; 
Bateman et al. 2006; Baum & Hileman 2006). (1) In flowers, the ovules are enclosed in 
carpels, whereas in gymnosperms the ovules are “naked” and occur on ovuliferous 
(ovule-bearing) scales (2) Flowers are bisexual (hermaphrodite), and contain both male 
(stamens) and female (carpels) reproductive organs, though some angiosperm species 
are secondarily monoecious or dioecious. In contrast, cones of extant gymnosperms 
are normally unisexual. (3) Flowers consist of a compressed reproductive axis 
compared with the elongate reproductive axis in many extant gymnosperms (with some 
exceptions, e.g. Gnetales). (4) Flowers undergo double fertilization after pollination 
producing a triploid nutrient endosperm whereas in most gymnosperms (apart from 
Gnetum and Ephedra) the endosperm is haploid. (5) In most angiosperm flowers 
including all of the earliest-divergent angiosperms, there is a perianth.
Typical perianth organs – as found in the angiosperms – are absent from extant 
gymnosperms and other non-seed groups. The strobili of some gymnosperms are 
subtended by a series of bracts but these are not widely considered to be homologous 
to the perianth organs in angiosperms. For example, in many Gnetales the strobili are 
surrounded by bracts forming a uniseriate (Ephedra and Gnetum) or a biseriate 
“perianth” (Welwitschia) (Thoday & Berridge 1912; Pearson 1929; Hufford 1996), which 
protect the young reproductive organs until they mature (Thompson 1916). Colourful 
and attractive bracts also occur in the Gnetales and other gymnosperms such as 
Laryx, and the bracts from female cones of Welwitschia turn from reddish brown to 
greenish-yellow after pollination (Weiss 1991; Hufford 1996). Colour change in perianth 
organs to signify pollination is common in many angiosperms (Weiss 1991) including 
the Nymphaeaceae. It was tempting to speculate that the angiosperm perianth evolved 
from such a bract-derived structure; before molecular phylogenies it was unclear if the 
reproductive structures of Gnetales could be homologous with the angiosperm flower 
(Crane 1996; Doyle & Donoghue 1992, 1986; Doyle 1998). Gnetales and angiosperms 
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are now widely believed to be phylogenetically distantly related (Chaw et al. 1997, 
2000; Soltis et al. 1999; Winter et al. 1999; Bowe et al. 2000), indicating that the 
evolution of the colourful and protective perianth in Gnetales and the angiosperms 
were the result of independent adaptations to insect pollination. 
1.3.2 Perianth morphology is very variable in extant angiosperms 
The lack of stem-group angiosperm fossils and the likely absence of homologous 
structures in the extant gymnosperms mean that morphology-based theories on 
perianth evolution have largely focused on extant angiosperms. Recreating the 
evolution of the perianth using structural data alone is problematic, because the 
morphology of sepals, petals and tepals varies dramatically across the angiosperms. 
Such variation is partly due to the multiple origins of these organs (Section 1.6.1) and 
partly to their independent adaptations to different pollinators. Consequently, perianth 
structures are sometimes inadequately defined. Several parameters are used to 
distinguish between sepals and petals. These include: organ colour (sepals green 
versus petals colourful), epidermal cell type (sepal cells flat versus petal cells conical), 
position in the flower (sepals outer versus petals inner), function (sepals protective 
versus petals attractive), vasculature (sepals three-traced versus petals one-traced) 
and width of insertion on the receptacle (sepals broad versus petals narrow) (Smith 
1928; Bierhorst 1971; Weberling 1989; Endress 1994b, 2001a, 2001b, 2005). More 
recently, we can add another character: gene expression (B-class genes not 
expressed in the sepals versus B-class genes expressed in the petals). 
Although these distinguishing features work relatively well in the core eudicots, other 
groups, especially early-divergent angiosperms, show much less clear differentiation of 
perianth organs into sepals and petals (discussed in Endress 1994b, 2001a, 2005). In 
fact, as Endress (1994b; page 26) stated, “If treated in isolation, there is no character 
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combination which could stringently prove an organ’s nature as a petal or sepal”. For 
example, in the early-divergent eudicot Menispermum (Menispermaceae) each sepal 
receives a single vascular trace (Puri 1951). In Papaveraceae, Degeneriaceae and 
Winteraceae the petals each receive more than one trace (Puri 1951). In many 
Ranunculaceae (e.g. Aquiliegia, Delphinium and Helleborus) the sepals are large, 
coloured and functionally replace petals which are often rudimentary (Wordsell 1903). 
Even core eudicots show a degree of morphological overlap in the perianth attributes. 
For example, the sepals of Primula (Primulaceae), Olea (Oleaceae) and
Lycospersicum (Solanaceae) receive only one trace and the petals of most 
Solanaceae, Curcurbitaceae and Theophrastaceae (Ericales) receive more than one 
trace (Puri 1951). In some Rubiaceae (e.g. Mussaenda, Warscewiczia) one or more 
sepals are large, red and have a papillate epidermis (Weber 1955; Halle 1961; Leppik 
1977). In fact according to De Craene (2007) a large number of core eudicots have 
petaloid sepals that have evolved either as a result in the reduction in petal size or 
absence of petals or in several lineages, they have arisen independently from the 
petals (Geuten et al. 2006). 
In cases where there is no obvious morphological distinction between the two perianth 
whorls, as in many monocots, perianth members are commonly termed “tepals.” The 
term “tepal”, initially devised by De Candolle (1827), implies that the perianth organs 
from an individual flower are morphologically similar. This condition occurs in many 
monocots, such as most Alliaceae, Amaryllidaceae, Hypoxidaceae and Liliaceae, in 
which all the tepals are entirely petaloid. However, in other taxa, including some 
monocots, the tepals show a range in morphology within a single flower and/or are 
arranged spirally rather than in whorls, so differentiation between the outer and inner 
perianth series is difficult. For example, in many Magnoliaceae there is a gradual 
transition from outer, green (i.e. sepaloid) tepals through to inner, coloured (i.e. 
petaloid) tepals (Dandy 1927; Endress 2001a; De Craene et al. 2003).
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1.4 Evolutionary developmental studies on floral organ 
identity
1.4.1 The ABCDE model of floral organ identity
Evolutionary Developmental genetics (evo-devo) has helped generate data that has a 
bearing on flower and perianth evolution (Theissen & Saedler 1995, 1999; Frohlich & 
Meyerowitz 1997; Frohlich & Parker 2000; Theissen et al. 2000; Baum & Hileman 
2006; Theissen & Melzer 2007). Evo-devo assumes that there is a close relationship 
between development and the evolution of form, because even the most complex 
multicellular organisms begin as a single-celled zygote. Therefore, the evolution of 
form results from the evolution of developmental processes, and changes in 
developmental control can elucidate the evolution of novel phenotypes (Gould 1992; 
Gilbert et al. 1996). Consequently, understanding the phylogeny and expression 
patterns of developmental control genes could significantly contribute to our 
understanding of the evolution of form (Theissen & Saedler 1995; Theissen et al. 
2000). 
Despite the considerable morphological variation of mature sepals, petals, stamens 
and carpels in the angiosperms, all floral members begin as a small bulge of 
undifferentiated cells in the floral meristem (Theissen & Melzer 2007). Within the floral 
meristems of studied eudicots, cadastral genes activate floral organ identity genes and 
specify different locations in the meristem in which these genes are on (expressed) or 
off (not expressed). Studies on the core eudicots Arabidopsis thaliana and Antirrhinum 
majus have identified several floral organ identity genes which, when mutated, produce 
similar disruptions in floral organ development. A-class mutants have carpels instead of 
sepals in whorl one and stamens rather than petals in the second whorl. B-class 
mutants have sepals instead of petals in the second whorl and carpels instead of 
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stamens in the third whorl. C-class mutants develop petals rather than stamens in 
whorl three; in the fourth whorl a whole flower replaces the carpels, and flower 
development is indeterminate (Bowman et al. 1989, 1991; Kunst et al. 1989; Carpenter 
& Coen 1990; Haughn et al. 1988; Schwartz-Sommer et al. 1990; Sommer et al. 1990). 
This pattern demonstrates that these genes are required for organ development and 
must act as developmental switches that control the entire genetic program of 
individual floral organs. 
The original ABC model devised by Coen and Meyerowitz (1991) postulated that the 
three classes of homeotic genes interact to specify floral organ identity (Fig. 1). In this 
model, A-class genes alone specify sepal identity, A- and B-class genes together 
control petal identity, B- and C-class genes control stamen identity and C-class genes 
alone control carpel identity. In addition, A- and C-class genes are mutually exclusive 
and repress each other; if A-class genes are expressed in a floral whorl then there is 
no C-class activity and vica versa (Bowman et al. 1991; Gustafson-Brown et al. 1994). 
This explains the extension of C-class activity to whorls one and two of A-class 
mutants and the presence of A-class function in whorls three and four of C-class 
mutants. 
In Arabidopsis thaliana, A-class genes are represented by APETALA1 (AP1) and 
APETALA2 (AP2), B-class genes by APETALA3 (AP3) and PISTILLATA (PI) and C-
class genes by AGAMOUS (AG). More recently, two more classes of floral MADS-box 
genes have been identified; D-class genes (AGL11), which may be required for ovule 
identity (Colombo et al. 1990; Angement et al. 1995; Rounsley et al. 1995) and E-class 
genes (SEPALLATA1 - 4) that act redundantly to specify organ identity in all floral 
whorls (Pelaz et al. 2000, 2001; Ditta et al. 2004; Fig. 1). Sep1, sep2, sep3 and sep4
quadruple mutants completely disrupt organ identity and leaves develop in all flower 
whorls instead of floral organs (Pelaz et al. 2001; Homa & Goto 2001), supporting 
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Goeth’s (1790) hypothesis that all reproductive and sterile floral appendages have 
originated from leaves. 
Fig. 1. Diagram of the ABCDE model (taken from Kim et al. 2005) showing the five classes of floral identity 
genes (A, B, C, D and E), where their functions overlap and the floral organs they specify. The original 
ABC model is shown in grey (Meyerowitz & Coen 1991), with the comparatively recent additions of D- and 
E- class genes (Angenent et al. 1993; Pelaz et al. 2000; Theissen 2001; Ditta et al. 2004) in white. Gene 
abbreviations; AP- = APETALA-, PI = PISTILLATA, AG = AGAMOUS, AGL11 = AGAMOUS-LIKE11, SEP-
= SEPALLATA-
Molecular cloning of the ABCDE genes demonstrated that, apart from AP2, they all 
belong to the MIKC-type MADS-box transcription factors (Schwatz-Sommer et al. 
1190; Theissen et al. 1996; Yanofsky et al. 1990; Alvarez-Buylla et al. 2001). Many 
plant genes that control embryonic, vegetative and reproductive development fall into 
two subclades; MIKC (MADS-box) and KNOX (homeobox genes). MIKC-type MADS-
box genes or genes downstream of these, encode essential enzymes and proteins 
needed for vegetative and reproductive development (Coen & Meyerowitz 1991; 
Huang et al. 1995; Reichmann & Meyerowitz 1997; Theissen et al. 2000, 2001). MIKC-
type proteins share a conserved domain structure; the MADS (M-) domain is important 
in DNA-binding, the Intervening (I-) domain is important for formation of DNA-binding 
dimers, Keratin-like (K-) domain promotes dimerisation among MADS-domain proteins 
that are necessary for them to perform their regulatory functions (Fan et al. 1997; Yang 
& Jack 2004) and the C-terminal (C-) domain may be engaged in the formation of 
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ternary or quaternary protein complexes or in the activation of transcription (Theissen 
et al. 1996). Variation in the latter region has been implicated in the function 
diversification of MIKC-type genes (Krizek & Meyerowitz 1996; Reichmann et al. 1996; 
Riechmann & Meyerowitz 1997a, b; Lamb & Irish 2003; Vandenbussche et al. 2003). 
Duplications and subsequent sub- and neo-functionalisation within the MIKC-type 
genes have formed well-defined super- and subfamilies the members which share 
similar functions and expression patterns (Purugganan et al. 1995; Theissen et al. 
1996; Becker et al. 2000; Becker & Theissen 2003). Phylogenetic analyses of the floral 
MADS genes from model organisms and their homologs found that each class of the 
ABCDE model forms a different subfamily in the MADS-box superfamily i.e. 
SQUAMOSA (A-function), DEFICIENS-, GLOBOSA- (B-function), AGAMOUS- (C- and 
D-function) and AGL12-like genes (E-function) (Purugganan et al. 1995; Theissen & 
Saedler 1995; Münster et al. 1997; Theissen et al. 2000). 
1.4.2 The Quartet model
The Quartet model (Theissen 2001: Honma & Goto 2001) builds upon the ABCDE 
model to hypothesis how the protein products of the ABCE genes bind to their DNA 
target and specify floral organ identity. MIKC-type genes act by encoding transcription 
factors that bind to the promoter regions of target development genes at the “CArG 
box” (CC-A rich-GG) binding site and either activate or repress their expression (Tilly et 
al. 1998; Chen et al. 2000; Gutierrez-Cortines & Davies 2000; Theissen 2001; 
Theissen & Saedler 2001; de Folter et al. 2005). The Quartet model proposes that the 
ABCE proteins form a unique tetramer complex in each floral whorl and two dimers of 
each complex bind to two different CArG boxes bringing the strands close together 
through DNA looping (Fig. 2: Egea-Cortines et al. 1999; Theissen 2001; Theissen & 
Saedler 2001). Within this complex the SEP or AP1 domains activate transcription 
while the remaining proteins probably function in organ specific gene regulation 
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(Honma & Goto 2001). Yeast three- and four-hybrid assays by Honma and Goto (2001) 
demonstrated that the ABCE proteins could form the complexes postulated in the 
Quartet model for stamen (AP3/PI/AG/SEP) and petal identity (AP3/PI/AP1 or SEP). 
Furthermore the ectopic co-expression of A- or E- plus B-class genes (AP1, AP3 and 
PI or SEP3, AP3 and PI) in transgenic Arabidopsis results in leaf primordia developing 
into petaloid organs and co-expression of B-, C- and E-class genes (AP3, PI, AG and 
SEP3) transforms vegetative leaves into stamenoid-like organs (Honma & Goto 2001). 
To date there in no evidence that the products of floral organ identity genes form 
tetramers within the floral organs, loop DNA and regulate floral organ identity in this 
manner (Theissen & Melzer 2007) however, the Quartet model remains the most 
widely accepted and comprehensive model of floral organ identity regulation. 
Fig. 2. The Quartet Model of floral organ specification in Arabidopsis thaliana (Theissen 2001; Egea-
Cortines et al. 1999; Theissen & Saedler 2001). Each floral organ is specified by a unique tetramer of 
ABCE proteins. Each dimer binds to a different CArG promoter (white boxes), looping the DNA strand. 
Though there is strong evidence of the formation of complexes of ABCE proteins in vitro (Honma & Goto 
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1.4.3 B-class genes function in the development of petaloid perianth 
organs 
According to the ABCDE model, the difference between the petals and sepals is that B-
class genes are expressed in the petals but not in the sepals. In Arabidopsis, B-class 
genes are represented by two paralogs AP3 and PI and their respective homologs in 
Antirrhinum are DEFICIENS (DEF) and GLOBOSA (GLO) (Bowman et al. 1989; 
Sommer et al. 1990; Trobner et al. 1992). In vitro studies have found that the products 
of these genes function as obligate heterodimers to specify petal- and stamen-identity 
(Riechmann et al. 1996). The expression of these genes is initiated and controlled 
(directly and indirectly) by the meristem identity genes LEAFY (LFY) and APETALA1
(AP1) and by UNSUAL FLORAL ORGANS (UFO) (Honma & Goto 2000; Ng & 
Yanofsky 2001; Lamb et al. 2002;), in later stages AP3 and PI heterodimers control 
their own expression via a positive autoregulatory loop (Goto & Meyerowitz 1994; Jack 
et al. 1992, 1994). Thus, after the first stages of transcription AP3 and PI genes are co-
expressed in the petals and stamens and in the petals of Arabidopsis and Antirrhinum
their continuous co-expression is required in every cell in order to maintain their petal-
identity (Bowman et al. 1989; Zachgo et al. 1995; Jenik & Irish 2001; Schwartz-
Sommer et al. 1992). 
Analyses of mutant and transgenic Arabidopsis plants with altered AP3 and PI
expression have identified some of their downstream targets, in addition to AP3. 
Microarray analyses by Zik and Irish (2003) comparing gene expression in B-class 
mutants and wild-type Arabidopsis plants detected 47 genes that were affected by 
downregulation of AP3/PI and estimated that around 200 genes are probably regulated 
by B genes. A number of these downstream genes perform functions associated with 
the rapid expansive growth of petals and stamens such as genes that encode proteins 
for modifying cell wall components and those involved in amino acid metabolism. In 
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addition, only two of the affected genes encoded for transcription factors implying that 
AP3 and PI act directly to regulate the cellular processes required for petal and stamen 
development (Zik & Irish 2003). 
1.4.4 Variation in the ABCDE model often reflects perianth diversity 
Floral morphology in the core eudicots such as Arabidopsis and Antirrhinum is very 
consistent. Their flowers are typically arranged in clearly defined whorls and the 
perianths are usually clearly differentiated into an outer whorl of sepals and an inner 
whorl of petals. Floral morphology outside the core eudicots is much more diverse, 
particularly with regard to the perianth. In congruence with their morphology, the 
ABCDE model appears to be conserved within core eudicots such as Arabidopsis, 
Antirrhinum, Petunia and Tobacco (Sommer et al. 1990; Coen and Meyerowitz 1991; 
Mandel et al. 1992; Angenent et al. 1993; Kempin et al. 1993; van der Krol & Chua 
1993; Irish & Yamamoto 1995; Davies et al. 1996; Theissen 2001; Rijpkema et al. 
2006) but varies outside of this clade (Kanno et al. 2003; Kramer & Irish 1999; Kramer 
et al. 2003; Kim et al. 2005). A-function has not been demonstrated outside of 
Arabidopsis (Irish & Sussex 1990; Kramer & Hall 2005), but B- and C-function appear 
to be partially conserved in the angiosperms and even in the gymnosperms (Kempin et 
al. 1993; Pnueli et al. 1994; Kang et al. 1998; Kater et al. 1998; Rutledge et al. 1998; 
Tandre et al. 1998; Mouradov et al. 1999; Sundstöm et al. 1999; Tsuchimoto et al. 
2000; Kyosuka & Shimamoto 2002; Kramer & Irish 2003; Whipple et al. 2004; Zhang et 
al. 2004; Kim et al. 2005). The conservation of these functions between the 
angiosperms and gymnosperms suggests that research into the characterisation and 
function of B- and C-class genes could provide valuable data for the study of the origin 
and subsequent evolution of the flower (Theissen & Saedler 1995; Theissen et al. 
2000; Theissen & Becker 2004).   
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In most angiosperms there does appear to be a strong relationship between 
expression of B-class genes and the development of colourful petaloid organs in most 
flowers; irrespective of their position in the flower (Kramer & Irish 1999, 2000; Kanno et 
al. 2003; Kramer et al. 2003). Further evidence of their conserved role comes from 
analyses of B-class gene mutants of several non-core eudicots (Asparagus oficinalis, 
Petunia and Aquilegia) that display similar disruptions in stamen and petal identity (Van 
der Krol & Chua 1993; Gomez et al. 1999; Asada et al. 2006; Kramer et al. 2007). 
Moreover, several studies have demonstrated functional conservation of B-function 
between a diverse range of angiosperms, particularly between members of the higher 
eudicots, as B-function in several angiosperm mutants (Arabidopsis, Nicotiana, 
Lettuce, Antirrhinum) can be restored when AP3 or DEF homologues from other 
species (Antirrhinum, Tobacco, Rosa, Agapanthus, Asparagus) are introduced into 
these transformed plants (Davies et al. 1996; Nakamura et al. 2005; Hibino et al. 2006; 
Nakano et al. 2007). Admittedly, the actual specification of petal identity has been 
proved in only a handful of cases, most of which are core eudicots (Coen & Meyerowitz 
1991; Jaramillo & Kramer 2004; Soltis et al. 2005; Drea et al. 2007). However, B-gene 
expression is absent from sepaloid perianth organs of a diverse range of taxa, 
including the magnoliid Asimina (Kim et al. 2005) suggesting that petalness is specified 
by B-class floral organ identity genes in most angiosperms. The clear correlation 
between petaloid perianth organs and B-gene expression has led some authors to 
propose various modifications to the ABCDE models to explain the variety of different 
perianth morphologies found in non-core eudicots.
1.4.4.1 The Sliding boundary model
In many angiosperms there are no obvious morphological distinctions between outer 
and inner perianth whorls and perianth members are commonly termed “tepals” and 
perianth is classed as undifferentiated or unipartite. The Shifting (Bowman 1997) or 
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Sliding Boundary Models (Kramer et al. 2003) proposed that an outward shift of the B-
function domain, from its restricted expression pattern in Arabidopsis, would create a 
undifferentiated perianth consisting of two whorls of petaloid organs (tepals) (Fig. 3A) 
and an inward shift results in a perianth of entirely sepaloid organs (Fig. 3B). There are 
a number of studies that have supported the Shifting Border and Sliding boundary 
models. For example, the tepals in whorl one and two of Lilium longiflorum (Tzeng & 
Yang 2001), Tulip gesneriana (Kanno et al. 2003), Agapanthus praecox (Nakamura et 
al. 2005), Muscari armeniacum (Nakada et al. 2006) and Akebia trifoliate (Shan et al.
2006) are entirely petaloid and as predicted by these models, homologues of AP3
and/or PI are expressed in both perianth whorls as well as the stamens. AP3 and PI
expression is also extended to the first-whorl petaloid sepals of Aquilegia (Kramer et al. 
2007) and Phalaenopsis equestris (Tsai et al. 2004). Furthermore, in the B-function 
mutants of Tulipa, the petaloid tepals of the first and second whorls are transformed 
into sepaloid organs (Kanno et al. 2004; Asada et al. 2006; van Tunen 1993) 
supporting the theory that the B-class expression domain can be extended to the first-
whorl organs.
Fig. 3. The Shifting Border or Sliding Boundary Models (van Tunen et al. 1993; Bowman 1997; Kramer et 
al. 2003). Proposed expression pattern of FOI genes in flowers with two perianth whorls consisting of (A) 





Petaloid     Petaloid     Stamens      Carpels






Sepaloid     Sepaloid       Stamens      Carpels
  tepals         tepals
B
37
1.4.4.2 The Fading Borders model
In some early-divergent angiosperms the perianth organs are often classed as tepals 
but the individual perianth organs are not morphologically similar. Instead, flowers 
show a gradual transition in floral morphology, with each different organ type (i.e. outer 
tepals, inner tepals, stamens and carpels) displaying characteristics of organs in the 
adjacent whorls (Endress 2001a, 2008; De Craene et al. 2003; Buzgo et al. 2004). 
Thus, in the perianth of these flowers the organs have been described as 
morphologically grading from outer bract-like organs through to inner colourful organs, 
the innermost of which often show transitions into the stamens. According to the 
Fading Borders model (Buzgo et al. 2004), the morphological transitions are the result 
of gradients in levels of gene expression (Fig. 4). All floral organ identity genes are 
expressed across the floral meristem but their expression levels are lower at the outer 
and inner boundaries of their expression domain. Furthermore, the weak margins of 
the gene expressions overlap with their adjacent floral organ identity gene. For this 
model to work, the antagonistic actions of A- and C-class genes in these flowers would 
not be as conserved as in model species such as Arabidopsis thaliana. 
Fig. 4. The Fading borders model (Buzgo et al. 2004). Proposed model for FOI genes expressed in 
flowers which display a gradual morphological transition - organs share some of the morphological 
characters of the adjacent floral whorl. Gene expression is much broader across the floral meristem and 



















Broad expression of B-class homologues in the basal angiosperms Amborella 
trichopoda supports this model because B-class genes are strongly expressed in the 
carpels, as well as the perianth and stamens (Kim et al. 2005). This expression pattern 
seems to reflect the lack of distinction between the floral organs, because in Amborella 
there is a gradual morphological integration between adjacent floral organs (Buzgo et 
al. 2004; Kim et al. 2005).
1.5 Theories on the origin of the perianth -
Reconstructing the ancestral perianth 
1.5.1 B-class genes are present in the reproductive cones of extant 
gymnosperms
Although perianth organs are found only in the angiosperms, current phylogenetic 
studies on MADS-box evolution suggest that genes closely related to AP3 and PI 
evolved before the angiosperms split from the gymnosperms (ca 300 MYA) but after 
seed plants separated from the fern lineage (ca 400 MYA) (Becker et al. 2002; Stellari 
et al. 2004). These B-class orthologs are expressed only in the microsporophylls (male 
reproductive organs) of a diverse range of gymnosperms (Pinus, Gnetum and 
Crytomeria japonica), and can also partially substitute AP3 and PI function in petal and 
stamen identity of B-class Arabidopsis mutants (Mouradov et al. 1999; Sundström et al. 
1999; Winter et al. 1999, Becker et al. 2000, 2003). B-class expression in the male 
reproductive structures of gymnosperms (microsporophylls) and extant angiosperms 
(stamens) suggests that the original function of these genes in early seed plants was 
controlling the development of male reproductive organs (e.g. Becker et al. 2000, 2003; 
Sundström & Engstrom 2002; Kramer & Irish 2000; Kim et al. 2005). 
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1.5.2 Data from early-divergent angiosperms – Broad B-class 
expression and undifferentiated perianths
Reconstructing the ancestral angiosperm flower – and thus the early perianth – is 
complicated by the large morphological gap between extant gymnosperms and 
angiosperms, and by the lack of clear stem-group angiosperm fossil flowers (Frlis et al. 
2006; Frohlich 2006). Studies of early-divergent angiosperms aid the reconstruction of 
likely character states at the base of the extant angiosperms because characters 
shared among early-divergent lineages, (i.e. those at the base of the angiosperm 
phylogeny) could have been present at those basal nodes. Identifying characters at 
these ancestral nodes allows us to hypothesise evolutionary scenarios for the 
angiosperm flower (e.g. Endress 1985, 2001a, 2001b, 2005; Soltis et al. 2002, 2007; 
Frohlich 2006; Bateman et al. 2006; Frohlich & Chase 2007; Rudall et al. 2009).
Recent molecular phylogenies (Qui et al. 2000, 2005; APGII 2003; Borsch et al. 2003; 
Hilu et al. 2003) have demonstrated strong support for the placement of Amborellaceae 
and Nymphaeales (consisting of Nymphaeales, Hydatellaceae and Cabombaceae) as 
the successive sisters to the remaining extant angiosperms (see Soltis et al. 2005; Fig. 
5). A clade consisting of Austrobaileyaceae, Illiciaceae, Trimeniaceae and 
Schisandraceae is sister to all other angiosperms except Amborella and Nymphaeales 
(APGII 2003). This clade of early-diverging angiosperms was referred to its acronym 
ANITA-grade (Amborella, Nymphaeales, Illiciales [Illiaceae and Schisandraceae], 
Trimeniaceae and Austrobailyeaceae; Qui et al. 2000) but the Angiosperm Phylogeny 
Group update (APGII 2003) recently proposed that the taxon Illiciales should be 
dissolved and Illiciaceae placed into Schisandraceae as a member of Austrobaileyales 
(with Trimeniaceae and Austrobaileyaceae). The clade is now called the ANA-grade 
(Frohlich 2006) as an acronym of its clades (Amborella, Nymphaeales and 
Austrobaileyaceae). 
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The use of early-divergent lineages to infer ancestral characters of their tree is 
controversial since all extant members have evolved an equal distance from their 
common ancestor (Crisp & Cook 2005). In addition, flowers of basal angiosperms are 
unlikely to resemble the earliest primitive flowers that evolved among stem group 
angiosperms some time before the base of the extant angiosperm clade (Soltis et al. 
2002). However, the current angiosperm phylogeny is highly asymmetrical, with some 
lineages undergoing extensive radiation and others radiating less. In theory, lineages 
that display widespread radiations such as the higher eudicots will probably have 
undergone dramatic changes and innovations since their common ancestor, whereas 
clades and grades that have undergone a low amount of radiation (such as the ANA-
grade), may have retained some of their ancestral traits (Endress 2001a). Furthermore, 
if a character state is found in multiple lineages it is more parsimonious that this trait 
occurred in their common ancestor (Crisp & Cook 2005). The ANA-grade consists of 
three distinct lineages and the flowers of its members do possess some shared 
characteristics that could have occurred in their common ancestor and thus, due to the 
basal position of these lineages, the ancestor of the extant angiosperms (Endress 
2001a; Soltis et al. 2002). 
The structure and organisation of flowers from basal angiosperms are much more 
variable than those of more derived eudicots, but the members of these early-divergent 
clades do share some common traits (Endress 2001a, 2006; Soltis et al. 2005). In the 
higher eudicots, floral organs are typically arranged into distinct whorls, floral parts 
occur in multiples of 4 and 5 and the perianth is differentiated into sepals and petals. In 
contrast, the floral organs of basal angiosperms are usually spirally arranged, consist 
of numerous floral organs often intergrading with each other and the perianth is 
typically considered undifferentiated (consisting of tepals) (Endress 2001a, 2006). They 
suggest that the perianth was present in the common ancestor of the angiosperms and 
that the strongly differentiated perianth (found in the higher eudicots) evolved later 
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within the extant angiosperms (Takhtajan 1991; Endress 2001a; Zanis et al. 2003; 
Soltis et al. 2005, 2007; Endress & Doyle 2009). 
The results of a study by Kim et al. (2005) suggest that floral organ identity genes were 
probably already present in the ancestor of the extant angiosperms, but their 
expression patterns were much broader than in Arabidopsis and Antirrhinum. Kim et al. 
(2005) detected expression of AP3, PI, AP1 and SEP-like homologs in representatives 
of several basal angiosperm lineages (Amborella, Nuphar, Illicium and Magnolia). The 
perianths of Nuphar (Nymphaeaceae) and Amborella are mostly petaloid. As predicted 
by the modified ABCDE models, AP3 and PI genes are expressed in both their inner 
and outer petaloid tepals as well as the stamens. However, unlike the higher eudicots, 
B-class genes are also expressed in the carpel tissue and AG expression is extended 
to the perianth. AP1 expression was also detected in the petaloid perianth, 
reproductive structures and leaves, supporting the hypothesis that A-class genes may 
only specify sepalness in the perianth organs of Arabidopsis (Litt & Irish 2003; Litt 
2007). As postulated in the Fading Borders model (see Section 1.4.4.2), the broad, 
overlapping expression patterns of these developmental genes could explain why the 
floral organs of basal angiosperms often integrate morphologically with organs in the 
adjacent floral whorl or series. These results suggest that floral organ identity genes 
were already functioning in the ancestors of the extant angiosperms. 
The isolation of both AP3- and PI-like homologs from several basal angiosperms 
(Stellari et al. 2004; Kim et al. 2005) confirm previous studies that suggested that the 
AP3 and PI lineages arose from a gene duplication in the B-class lineage prior to the 
extant angiosperms and after the last common ancestor of the seed plants 
(Purugganan et al. 1995; Kramer et al. 1998; Kramer & Irish; 2000; Becker et al. 2000, 
2003; Becker & Theissen 2003; Fig. 7), perhaps around 260 MYA (Kim et al. 2004). 
However, the fossil record suggests that flowers did not evolve until around 100 million 
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years after this duplication (around 125–136 MYA; Soltis et al. 2002). This implies that 
B-function in petaloid perianth organs, as found in the extant angiosperms, evolved 
much later than this duplication and the original AP3 and PI genes did not control the 
developmental of petaloid organs (Kim et al. 2004). Conservation of B-gene function in 
gymnosperms and basal angiosperms suggest their original role was controlling the 
development of male reproductive organs (Becker et al. 2000, 2002; Kim et al. 2005; 
Stellari et al. 2004). This transference of B-function from specifying male reproductive 
organs in seed plants to the additional role of specifying petalness in the angiosperms 
appears to be the result of neofunctionalisation of AP3 and PI genes (Becker et al. 
2003). In addition to the B-class genes, A–, C–, and E–class genes also appear to 
have undergone major duplications before the origin of the angiosperms (Kim et al. 
2004; Kramer et al. 2004; Zahn et al. 2005, 2006; Irish 2006). These events may have 
been important prerequisites for the modification of the reproductive program and the 
origin of the flower (Buzgo et al. 2005; Zahn et al. 2005).
1.6 Evolution of the bipartite perianth occurred within 
the angiosperms 
1.6.1 Morphological data – Bipartite perianths have evolved 
independently in multiple lineages
There has long been discussion about the evolutionary origin of sepals and petals 
(Arber 1937; Eames 1961; Bierhorst 1971; Meeuse 1973; Takhtajan 1991; Endress 
1994a, 2001a, 2001b, 2006, Zanis et al. 2003). Based on comparative morphology, 
most authors agree that sepals are evolutionarily derived from bracts or leaves, but 
petals are derived either from bracts or from stamens. The improved molecular 
phylogenetic context for flowering plants (Qui et al. 2000, 2005; APGII 2003; Borsch et 
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al. 2003; Hilu et al. 2003) supports previous studies (Hiepko 1965; Takhtajan 1991; 
Kosuge 1994; Zanis et al. 2003; De Craene 2003, 2007; Soltis et al. 2005) suggesting 
that a bipartite perianth has evolved multiple times within the angiosperms, and that 
petals are derived from different organs in different groups (Fig. 5, 6). In some groups, 
sepals and petals are homologous to each other, since both are derived from bracts or 
leaves; in these cases the petals are termed bracteopetals. In other taxa the petals are 
derived from stamens (termed andropetals) and hence are nonhomologous with the 
bract derived sepals. Tepals can also be classed as andropetals or bracteopetals 
depending upon whether they have a stamen-like or leaf-like morphology (Hiepko 
1965; Takhtajan 1991: Kosuge 1994: Zanis et al. 2003). Examples of bracteopetals 
occur in members of the Degeneriaceae, Winteraceae, Annonaceae, Canallaceae, 
Calycanthaceae and in many basal angiosperms such as Magnoliales, Piperales, 
Aristolochiales and Austrobaileyales (Smith 1928; Eames 1961; Hiepko 1965). 
Andropetals are found in the perianths of the Ranunculaceae, Nymphaeaceae, 
Papaveraceae, Magnoliopsida, Liliopsida, Meniospermaceae, Rosaceae, 
Caryophyllaceae and Tiliaceae (Smith 1928; Takhtajan 1991; Zanis et al. 2003). 
Although the evolution of petals probably represents several independent events, 
studies suggest that in many lineages the origin of a whorled phyllotaxis was an 
important step towards the restriction of different floral organ genes to specific floral 
organs from their broad expression in the flowers of basal angiosperms (Kim et al. 
2005; De Craene 2007). Furthermore, duplications within the B-gene lineage followed 
by sub- or neofunctionalisation events could have contributed to the origin of distinct 
sepals and petals in core eudicots and perianth diversity (Kramer et al. 1998, 2003; 
Kramer & Irish 1999; Lamb & Irish 2003). 
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Fig. 5. Perianth differentiation in the basal angiosperms from Soltis et al. (2005).
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Fig. 6. Perianth differentiation in early-diverging eudicots from Soltis et al. (2005).
46
1.6.1.1 Petaloid organs are epihomologous but not always fundamentally 
homologous 
If petaloid organs in the angiosperms did not derive from the same organ present in 
their common ancestor, it means they are not strictly homologous (Frohlich 2006). 
However, the petal-identity program appears to be deeply conserved because the 
majority of petaloid structures in angiosperms express B-class genes irrespective of 
whether they evolved from bracts or stamens. Therefore, petalness is an example of 
epihomology (Frohlich 2006) in which attributes and the gene system that controls 
them are recruited after divergence from their ancestor that used the system to control 
the development of different structures. In this case, B-class genes that originally 
specified development of male reproductive structures in gymnosperms were recruited 
to specify petalness in different floral organs. For example, the petaloid Cornus bract is 
epihomologus to a petal because it is colourful due to the expression of B-class genes 
but it is fundamentally homologous to a leaf because the bract organ is ultimately 
derived from leaves, not from any flower structure (Maturen 2008). This has important 
implications in the study of petal-identity because it follows similar observations from 
several animal development studies that have demonstrated that expression of 
homologous genes in not always indicative of organ homology (Dickinson 1995; Bolker 
& Raff 1996; Abouheif et al. 1997; Wray & Abouheif 1998) but may represent 
independent employment of gene products or pathways in novel structures (Davidson 
& Ruvkin 1999). As discussed in the next section, morphological and molecular data 
imply that the petal-identity program could have been recruited independently 
numerous times within the angiosperms to specify petalness in different lineages. 
These multiple independent employments of B-class genes into different perianth 
organs could have been a result of strong selective pressure on flowers to become 
more attractive to efficient pollinators.
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1.6.2 Evolution of the B-class lineage within the angiosperms
The evolution of the B-class gene lineage is as complex as the morphological diversity 
of perianth organs, with several gene duplication events at various phylogenetic levels 
(Kramer et al. 1998; 2003 Kramer & Irish 2000; Aoki et al. 2004; Kim et al. 2004; 
Stellari et al. 2004; Aagaard et al. 2005; Adam et al. 2006). Two major duplication 
events occurred in the B-class gene lineage. The first duplication occurred before the 
extant angiosperms forming the paleoAP3 and PI lineages (Purugganan et al. 1995; 
Kramer et al. 1998; Kramer & Irish 1999, 2000; Becker et al. 2002; Becker & Theissen 
2003), then while the PI lineage remained relatively conserved a second duplication 
occurred in paleoAP3 lineage at the base of the core eudicots generating the 
paralogous euAP3 and TM6 (Tomato MADS box gene 6) lineages (Kramer et al. 1998,
2003; Fig. 7). Members of the different AP3 lineages can be distinguished by their C-
terminal motifs. AP3 genes from lower eudicots, magnoliid dicots, monocots and basal 
angiosperm contain the paleoAP3 motif in their C-terminal, whereas AP3 genes from 
the higher eudicots contain the euAP3 motif (Kramer et al. 1998, 2003; Stellari et al. 
2004; Kim et al. 2005). In addition to an euAP3 gene, several core eudicots (e.g. 
Petunia, Tomato, Rosa and Hydrangea macrophylla) contain a copy of the paleoAP3-
like gene TM6 (Kramer et al. 1998, 2003; Vandenbussche et al. 2003; Hibiano et al. 
2006). 
Petaloid organs have evolved several times independently within the angiosperms but 
the petals of the core eudicots appear to have evolved from a single origin at the base 
of their clade and are therefore fundamentally homologous (Pnueli et al. 1991; Kramer 
et al. 1998; Zanis et al. 2003; questionable see Ronse DeCraene 2007). The 
duplication in the paleoAP3 lineage that coincides with the evolution of the core 
eudicots may have been an important step towards the canalisation of floral 
development and the origin of the differentiated perianth in this group (Kramer & Irish 
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Fig. 7. Evolution of B-class genes and their protein products, modified from Hernández-Hernández et al. 
(2007) using the angiosperm phylogeny generated by Soltis et al. (2005). Two major duplication events 
occurred in the B gene lineage, (i) during the origin of the angiosperms (generating the paleoAP3 and PI
lineages) and (ii) at the base of the core eudicots (forming the TM6 and euAP3 lineages). Obligate 
heterodimerisation of AP3 and PI paralogs evolved within the angiosperms from homodimerisation of Glo-
like products in the gymnosperms. Whether the evolution of obligate heterodimerisation coincided with the 
duplication in the B-class lineage at the base of the angiosperms or with the duplication at the base of the 
core eudicots requires further testing (see Hernández-Hernández et al. 2007).
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1999; Lamb & Irish 2003; Vandenbussche et al. 2003; de Martino et al. 2006; Fig. 7). 
The rescue of Arabidopsis AP3 mutant with a chimeric AP3 protein containing the 
paleoAP3 motif from the basal eudicot Dicentra eximia resulted in stamen rescue but 
did not rescue the petal identity program (Lamb & Irish 2003). It is possible that the 
paleoAP3 and euAP3 lineages are functionally divergent, with paleoAP3 functioning 
primarily in stamen development; euAP3 underwent subfunctionalisation to function in 
petal identity in the core eudicots (Kramer & Irish 1999; Lamb & Irish 2003). Further 
evidence of the distinct function of euAP3 genes comes from molecular studies, which 
found that expression of B-class genes in the petaloid organs of basal angiosperms 
and basal eudicots is much more varied spatially and temporarily than in the core 
eudicots with display a much more conservative expression pattern, with B-class genes 
expressed throughout petal development (Kramer & Irish 1999, 2000; Kim et al. 2005).
In theory, the origin of the euAP3 and TM6 genes involved modified interactions 
between the B-class proteins and enabled restriction of B-class function to specific 
whorls, resulting in a differentiated perianth (Winter et al. 2002; Theissen & Melzer 
2007). Earlier reports suggested that generation of euAP3- and TM6-like genes 
appears to correspond with the evolution of obligate heterodimerisation of B-class 
proteins in the core eudicots (Theissen et al. 1996, 2000; Kramer et al. 1998, 2003; 
Fig. 7). The C-terminals of MIKC-type MADS-box genes have been proposed to 
function in formation of their protein complexes (Krizek & Meyerowitz 1996; Reichmann 
et al. 1996; Lamb & Irish 2003; Vandenbussche et al. 2003). Therefore, fixation of 
euAP3 and TM6 motifs to the AP3 C-terminals could have enabled establishment of 
obligate heterodimerisation with their PI partners (Vandenbussche et al. 2003). In 
addition, B-class proteins in Arabidopsis and Antirrhinum form stable obligate 
heterodimers that bind to the CarG-boxes in the promoters of their own genes 
regulating their own expression (Schwartz-Sommer et al. 1992; Krizek & Meyerowitz 
1996; Riechmann et al. 1996). Therefore, stamen and petal development in these core 
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eudicots require co-expression of AP3 and PI genes throughout development (Winter 
et al. 2002). Theissen and Melzer (2007) proposed that this origin of autoregulatory 
control enabled their expression to be either on or off with no transitional states, 
eventually establishing expression domains with sharp borders common to the core 
eudicots. 
More recent studies on species that are not core eudicots imply that homo- and 
heterodimerization, occurs in some taxa but obligate heterodimerisation of B-class 
proteins can occurs in others. In the monocots Tulip gesneriana and Lilium regale, B-
function appears to involve a transitional state of obligate and facultative 
heterodimerisation and also homodimerisation (Tzeng & Yang 2001; Kanno et al. 2003; 
Tzeng et al. 2004), whereas in grasses obligate heterodimerisation of B-class proteins 
could also have evolved independently to the core eudicots, implying that there is a 
trend towards this type of protein formation (Moon et al. 1999; Whipple et al. 2004). 
Yeast two hybrid assays have found that PI- and paleoAP3-type proteins also form 
obligate heterodimers and weak homodimers in the early-divergent eudicots Aquilegia
and Akebia trifoliata (Shan et al. 2006; Kramer et al. 2007). Furthermore, data from PI
mutants of Aquilegia suggest that these AP3/PI heterodimers regulate their own 
expression in an auto-regulatory loop similar to Arabidopsis (Kramer et al. 2007). 
These results could confirm other reports that suggest that obligate heterodimerisation 
evolved before the core eudicots (Hernández-Hernández et al. 2007). However, in 
basal eudicots and basal angiosperms AP3 and PI do not need to be continuously 
expressed in petaloid organs to maintain their identity, as in Arabidopsis (Kramer et al. 
1998, 2003, 2007; Kim et al. 2005). This suggests that regulation of petal organ identity 
is slightly different outside the core eudicots, and the regulation observed in 
Arabidopsis could be a result of the origin of the euAP3 lineage. However, more recent 
studies on the function of the different MIKC domains found that removing the C-
domain does not affect the functional specifity of the protein, though its function could 
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be redundantly specified elsewhere in the protein (Berbel et al. 2005; Piwarzyk et al. 
2007; Su et al. 2008). Research on protein complexes and autoregulatory control in 
ANA-grade angiosperms, and other groups that have evolved petaloid organs 
independently from the core eudicots, would help resolve the importance of the euAP3
lineage and the establishment of obligate heterodimerisation in the origin of the 
bipartite perianth.
1.6.2.1 Minor duplications in the AP3 and PI lineages have resulted in the 
evolution of novel petaloid floral organs
In addition to the two major duplications described above, the AP3 and PI lineages 
have also undergone a complicated pattern of minor duplications that have resulted in 
modifications in the petal-identity program and the evolution of more complex floral 
morphology (Kramer et al. 2003, 2007; Ackerman et al. 2008). For example, the AP3
lineage in the Orchid Phalenopsis has duplicated to produce four different AP3
paralogs (PeMADS2-PeMADS5) that exhibit distinctly different expression patterns that 
may distinguish between the four different types of petaloid organs (Tsai et al. 2004). 
PeMADS2 and PeMADS5 (as well as the PI homolog PeMADS6) are expressed in the 
petaloid sepals, petals including lips and the columns, PeMADS3 is not expressed in 
the petaloid sepals and PeMADS4 expression is restricted to the lips and columns 
(Tsai et al. 2004).
Research by Kramer and her co-workers on Ranunculaceae (Kramer et al. 2003, 2007) 
have convincingly demonstrated how morphologically distinct petaloid organs in 
different whorls have originated through duplications and subsequent modifications in 
the petal-identity program. Three types of petaloid organs can occur in Ranunculaceae: 
petaloid sepals, petals and staminodes. The first-whorl petaloid perianth organs are 
typically classed as sepals due to their position, ontogeny and morphological 
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differences from the second-whorl “true” petals (Fig. 6), and staminodia can also occur 
either inside or outside the stamen whorl. Simple expansion of the B-class domain 
cannot explain the presence of morphologically different petaloid floral organs in 
distinct floral whorls; instead, generation of different AP3 paralogs appears to have 
been important events in their evolution. Before the radiation of this family, the 
paleoAP3 lineage underwent two duplications forming three different AP3-types 
(Kramer et al. 2003). In flowers of Aquilegia all three AP3-types and one PI-type are 
present and the proteins they encode can form heterodimers similar to those found in 
the studied core eudicots. Two of the AP3 paralogs (AqvAP3-1 and AqvAP3-2) and PI
homolog are expressed in the petaloid sepals, petals, staminodia and stamens and the 
third AP3 homolog (AqvAP3-3) is restricted to the petals, and is expressed throughout 
their development (Kramer et al. 2003, 2007). In most of their study species there is a 
clear correlation between the presence of petals and the AP3-3 paralogs. In flowers of 
Clematis chisamensis petals occur and AP3-3 is expressed, whereas in C. integriflora
petals and AP3-3 expression are absent (Kramer et al. 2003). The origin of the AP3-3 
lineage therefore appears to have promoted the evolution of petals in Ranunculaceae. 
Recently Kramer and her co-workers (2007) have established that although two of the 
AP3 paralogs are expressed in the petals, stamens and staminodes of Aquilegia, they 
show distinct expression patterns during different developmental phases. In the 
stamens and staminodes AqvAP3-1, AqvAP3-2 and AqvPI are expressed at early 
developmental stages, but expression of AqvAP3-2 in the staminodes and AqvAP3-1 in 
the stamens is lost at later stages. Expression in the petals is much more complex; 
AqvAP3-1, AqvAP3-3 and AqvPI are initially expressed but at later stages AqvAP3-1 is 
lost and petals gain AqvAP3-2 expression. In-situ hybridisation studies indicate that 
AqvAP3-1, -2 and AqvPI are expressed in the sepals but only during late stages of 
sepal development, possibly when the initially green sepals become colourful. 
Furthermore, downregulation of AqvvPI using virus-induced gene silencing did corrupt 
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the development of the petals, stamens and staminodes but did not affect sepal 
identity; in strong mutant phenotypes sepal-like organs developed instead of petals. 
Aquilegia demonstrates how duplications in the AP3 lineage can lead to 
subfunctionalisation of the petal-identity program to produce morphologically distinct 
petaloid organs. In addition, it suggests that B-class genes do not always confer the 
organ identity of petaloid organs.
1.6.3 Exceptions to the petal-identity program
In the majority of angiosperms studied to date, B-class genes are expressed in petaloid 
floral organs. However, there are a few exceptions, such as in the petaloid calyx of 
Aristolochia (Jaramillio & Kramer 2004). In contrast to the perianths of most 
angiosperms, AP3 and PI homologues in Aristolochia maushuriensis are not expressed 
in the petaloid (colourful with papillate epidermal cells) regions of the perianth limb and 
are instead restricted to the non-petaloid adaxial surface (Jaramillo & Kramer 2004). 
Therefore, in Aristolochia B-class genes do not function in production of petaloid 
tissues as in most angiosperms and may perform another role in the petaloid calyx.
In Maize (S11 and ZMM16) and Rice (OsMADS2, OSMADS4 and OsMADS16), AP3
and PI homologues are expressed in the non-petaloid lodicules (Ambrose et al. 2000; 
Whipple et al. 2004; Chung et al. 1995). Grasses have a highly-derived floral 
organisation that is very different from the typical monocot flower. Flowers are tiny, 
wind pollinated and lack petals and sepals; instead, the male and female reproductive 
organs are protected by specialised bract-like structures termed the palea, lemma and 
lodicules, which together form a floret. In most grasses the lodicules are small, 
glandular organs that swell at anthesis to spread the lemma and palea, thereby 
exposing the reproductive organs for wind-pollination. Detection of B-class expression 
in the lodicules, plus their position in the floret, has led many authors to propose that 
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they correspond to the second-whorl organs (petals) of Arabidopsis (Ambrose et al. 
2000; Whipple et al. 2004). Further evidence of these structures as modified petals 
comes from B-class grass mutants in which lodicules transform into lemma/palea-like 
organs (Kang et al. 1998; Ambrose et al. 2000; Prasad & Vijayraghavan 2003; Xiao et 
al. 2003). This phenotype is comparable with the perianth of B-function mutants in 
Arabidopsis that have petals transformed into sepals (Bowman et al. 1989, 1991; Coen 
& Meyerowitz 1991). S11 and ZMM16 can also partially substitute AP3 and PI function 
in Arabidopsis mutants, and their protein products can form heterodimers, suggesting 
that there is some conservation of B-class function between grasses and higher 
eudicots (Whipple et al. 2004).
B-class genes in Arabidopsis and grasses such as Maize appear to function in 
specifying second-whorl organs. However, although they display similarities in their 
developmental program, current reconstructions of perianth evolution suggest that 
monocot and core eudicot petals are not structurally homologous and arose 
independently in these lineages (Takhtajan 1991; Irish 2000; Zanis et al. 2003). The 
study by Whipple et al. (2007) using morphological and molecular data suggests that 
the lodicules of all grasses probably evolved from the second-whorl organs of a flower 
with a typical monocot bauplan. The fact that grass B-class genes can partially 
substitute for petal organ identity in Arabidopsis mutants, but specify non-petaloid 
second-whorl organs in grasses, suggests that the B-class gene targets in grasses are 
very different from those found among their close relatives the monocots (Whipple et 
al. 2004, 2007). Presumably, since the flowers of grasses are not insect-pollinated 
there was no selective pressure on their ancestor for their second-whorl members to 
retain their petalness (colour and attractiveness) but modifications in the 
developmental program that transformed petaloid perianth organs into lodicules must 
have resulted in an advantage in aiding wind-pollination. Comparative morphological 
and molecular data has improved our comprehension of the evolution of the highly 
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derived grass flower, and demonstrates that the commonly inherited petal-identity 
program can be modified within the angiosperms to create a novel floral structure (the 
lodicule).
The results from grasses and Aristolochia show that B-class gene expression can 
produce non-petaloid organs and it can also be absent in petaloid tissues. These 
results, plus observations that these genes are involved in the development of petaloid 
organs outside the second whorl organs, imply that the petal-identity program has 
undergone various modifications to produce different perianth morphologies (reviewed 
by Jaramillo & Kramer 2007). Although there are a few exceptions, in the majority of 
angiosperms B-class genes are expressed in petaloid organs, even those perianth 
organs that morphological research suggests are not fundamentally or structurally 
homologous. Furthermore, a number of studies have demonstrated that variation in 
perianth morphology in several phylogenetically distant taxa can be attributed to 
modifications in their developmental program. Therefore, integration of morphological 
and B-class gene data provides important information for the study of perianth 
evolution and for reconstructing the perianth of the ancestral angiosperm.
1.6.4 Modifications in the petal identity program could be the result 
of their independent origin or variation in a plesiomorphic program
Kramer and Irish (2000) outlined two alternative theories to explain modifications in the 
petal-identity program. 
(1) The first theory uses earlier morphological studies (Hiepko 1965; Kosuge 1994; 
Takhtajan 1991) and the improved phylogenetic context for flowering plants (Qui et al. 
2000, 2005; APGII 2003; Borsch et al. 2003; Hilu et al. 2003) to suggest that a bipartite 
perianth has evolved at least six times within the angiosperms, based on fossil 
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evidence that the first angiosperms were probably apetalous (Stewart & Rothwell 1993; 
Sun et al. 1998; Zanis et al. 2003). In accordance with this theory, B-class genes were 
repeatedly recruited to specify petaloid structures within the angiosperms by modifying
pre-existing program functioning in the identity of male reproductive structures. Thus, 
petaloid organs were either derived from stamens that already expressed AP1 and PI
genes, or from bracts by expansion of B-class expression into a bracteolar perianth.
(2) In the second hypothesis of Kramer and Irish (2000), the variety of different petaloid 
structures found in the perianths of angiosperms represent variation within a commonly 
inherited developmental program. In this model, the stamen-identity program was 
already established before evolution of the extant angiosperms, but petal identity 
remained plastic until later in angiosperm history, probably at the base of the higher 
eudicots. This corresponds with the high degree of variation in floral morphology and 
broad expression of B-class genes found in the basal angiosperms compared with the 
relatively conserved floral morphology and restricted gene expression in the higher 
eudicots (Endress 1997, 2001a; Coen & Meyerowitz 1991; Soltis et al. 2005; Kim et al. 
2005). 
Alternatively, both theories could be correct. Some petaloid structures could have 
evolved from modification of a commonly inherited program, whereas others derived 
from the independent recruitment or expansion of a pre-existing program. Current data 
suggests that the petal-identity program appears to have some degree of conservation 
and variation within the angiosperms (Sections 1.4-1.5). In the future, as information on 
B-class expression and function in different angiosperms increases, researchers will be 
able to determine how variable the petal-identity is within the angiosperms and how 
important certain modifications to this system was to the evolution of different floral 
morphologies.
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1.7 Aims and objectives of this project
The aim of this thesis is to test a new hypothesis on the evolution of the bipartite 
perianth called the Mosaic theory (see section 1.1), by examining whether in Nuphar, 
Nymphaea and Schisandra sepal-petal differentiation can occur within individual tepals 
and their development in environmentally controlled. To test this hypothesis I 
performed a morphological study of normal flower buds to document the 
characteristics, precise locations and developmental trajectories of the sepal- and 
petal-like patches. I also experimentally manipulated developing buds in the field and 
greenhouse to determine whether changes in the environment of a tepal can affect the 
development of sepal- and petal-like patches. I designed these experiments primarily 
to test whether exposure to light initiates sepaloid characteristics. I also carried out an 
in-situ hybridisation study of B-gene expression in the perianths of Nuphar and 
Nymphaea, to determine whether their expression is restricted to the petaloid regions 
of the tepals of non-experimental and experimental buds. I also reviewed perianth 
morphology in other early-diverging angiosperms to in order to establish how 
widespread this characteristic is among the lower eudicots and to determine whether 






The majority of specimens used in this study were growing in the living collections at 
the Royal Botanic Gardens, Kew (HK) or in sites in West Sussex and Kent. These were 
Schisandra rubriflora (HK1969-19804), S. sphenanthera (HK1969-19805), Nuphar 
advena Ait. (HK1969-19756), a Nuphar species (HK1967-19761), Nymphaea caerulea 
(HK1996-1651; HK2005-2052; Fig. 8B), Nymphaea nouchali Burm. f. (HK1988-1927) 
and two further non-accessioned Nuphar species. Specimens of Nuphar lutea Sibth. & 
Sm. were studied at field sites in Battle (Battle Abbey, East Sussex; Fig. 8A) and Small 
Hythe (Tenterden, Kent). Various Nymphaea cultivars were also photographed at 
RBGK, such as Nymphaea L. “Midnight” (HK 2002–537) and Nymphaea L. “Ronda 
Kay” (HK 1996–1657). 
Euryale ferox Salisb. flower buds were examined from living specimens growing at 
Oxford Botanical Garden. Single flowers of other Nymphaeales were from dried 
herbarium specimens at the Royal Botanic Gardens, Kew (K) and the Natural History 
Museum, London (BM): Brasenia schreberi J.F. Gmel. (K: Suksdorf 7337, USA 1908), 
Cabomba palaeformis Fassett (K: Martinez 31928, Mexico 1999) and Barclaya 
longifolia Wall. (BM: s.n. Burma, 1911). Additional data and information on the two 
other genera of Nymphaeales (Victoria and Ondinea) and the basal angiosperm 
Amborella trichopoda Baill. were obtained from the literature.
The perianths of several other angiosperms were examined and photographed at 
RBGK. Photographed specimens include Anemopsis californica (Nutt). Hook & Arn. 
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(Saururaceae) (1958–51201) and non-accessioned specimens of Ornithogalum 
umbellatum L. (Hyacinthaceae) and Alstroemeria L. (Alstroemeriaceae). Flowers of 
Berberis thunbergii DC. (2001-1824) and non-accessioned specimens of Hypericum L. 
were also examined (but not photographed) at Kew Gardens.
2.2 Morphological study of wild-type flower buds of 
Nuphar and Nymphaea caerulea
Twenty flower buds of Nymphaea caerulea ranging from 0.2 to 7 cm in height, three 
buds of Nuphar advena, and several flower buds of Schisandra rubriflora were 
collected and examined. A total of 104 untested flower buds of Nuphar lutea (0.1 – 3 
cm wide) were collected from field sites in Battle and Small Hythe (UK). Buds of N. 
lutea at early stages of development (0.1–0.5 cm wide) were collected by pulling four 
herbaceous stems from the pond, ripping off the leaves and removing the floral 
meristems. Young buds N. caerulea were not available. These were “untested” buds, 
meaning that no experimental manipulations were done to them before collection and 
study.
To record the external morphology of the buds, each collected flower bud was 
photographed using the following procedure. First, the boundaries between covered 
and exposed portions of each tepal were marked by a series of pinpricks around the 
edge of the exposed area. These holes are visible after fixation and under the SEM. 
The entire intact bud was then photographed from all sides, after inserting a large-
headed pin through the pedicel, so orientation of the bud is apparent in the 
photographs. The outermost tepal was then folded down and the bud was again 
photographed. This step was repeated each time the remaining outermost tepal was 
removed. Tepals were numbered according to their position in the floral whorl (1–<, 
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outside to inside) and any visible differences between the exposed and unexposed 
areas were recorded. Every individual tepal from each bud and the three N. lutea floral 
meristems were then fixed in Formalin Acetic Acid (FAA) or Paraformaldehyde (PF) for 
at least 48 hours, and stored in 70% ethanol.
2.3 Experiments on the effect of light on development 
of sepalness within the perianths of Nuphar, Nymphaea 
caerulea and Schisandra
To test the effect of light on perianth differentiation, experiments were carried out on 
flower buds of Schisandra rubriflora, S. sphenanthera, Nuphar (N. lutea and N. 
advena), Nymphaea caerulea, Nymphaea nouchali, Nymphaea L. “Midnight” and 
Nymphaea L. “Ronda Kay”. During these experiments one or two areas of inner tepal 
were exposed (the Experimentally Exposed, EE, area/s) either by removing part of the 
covering tepal using a razor blade or removing the entire covering tepal. The colour 
and appearance of the EE area/s were recorded. The buds were then covered either 
(1) in a clear bag so that the EE area was exposed to light (non-covered buds) or (2) in 
an opaque material such as black plastic or aluminium foil so that the EE area was not 
exposed to light (covered buds). (3) In some buds, two regions of inner tepal were 
exposed; in these cases the buds were covered so that one of the regions was 
exposed to light and the other was not (half-covered buds). The latter treatment was 
achieved by covering the bud in a foil bag and then removing part of the foil that 
covered one of the two EE areas. This treatment was not carried out on Schisandra
because the buds were too small to manipulate in this manner. The buds were left for 
3–18 days (until the bud is about to open) and any changes in the appearance of the 
EE areas were noted. 
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After the experiments, some buds were fixed in FAA or PF for further study. Prior to 
fixation, the boundaries of the EE areas on each experimentally exposed tepal was 
marked using a pin so that it was visible after fixing.
Fig. 8. Photos of field experiment sites. A, Nuphar lutea growing in a lake at Battle Abbey, East Sussex. B,
Nymphaea caerulea growing in the Jodrell glasshouse at the Royal Botanic Gardens, Kew. 
2.3.1 Statistical analysis of experimental results
A binominal generalised model was used to identify explanatory variables of interest 
present in the experimental results from Nuphar, Nymphaea and Schisandra. The 
response variable was whether or not there was increase of chlorophyll and/ or, in 
Nymphaea, development of stripes in the EE area of an experimental bud. A 
preliminary analysis was carried out to identify the main effects of interest. A maximal 
model containing EE number, light-exposed, species and site (the identified 
explanatory variables of interest) were fit to the data and model simplification 
performed until the minimal adequate model was identified. 
63
2.4 Scanning Electron Microscopy (SEM) 
Materials of Nuphar lutea examined under the SEM included two buds of width 0.1 cm, 
one of 0.2 cm and two of 0.25 cm, plus tepals from eight non-experimented buds. 
Materials from Nymphaea caerulea include the inner petaloid tepal and outermost 
sepaloid tepal from two non-experimental buds that were 5 cm and 6 cm in height. 
Three flower buds of Schisandra rubriflora, two flowers of llicium parviflorum and an 
Amborella flower were also examined under the SEM. The Amborella flower had 
already been prepared for SEM examination from a previous study carried out at the 
Micromorphology labs, Kew Gardens. 
Single flowers collected from herbarium specimens (Brasenia schreberi, Cabomba 
palaeformis and Barclaya longifolia) were examined under the SEM. Some of the outer 
tepals of these flowers were removed, revealing the inner tepals. These outer tepals 
were placed onto separate stubs to be viewed under the SEM. 
Experimental material studied under the SEM include the EE areas on tepals from six 
Nuphar buds (uncovered buds N3 bud 4, NA1 and NA2; covered buds NL/B12, 13 and 
14; Table C1, C2) and from Nymphaea caerulea bud NyCA bud 5 (non-covered) and 
buds 25, 35, 36, 40 and 44 (covered-buds) were examined and photographed using 
the SEM (Table C4, C5).
Individual tepals or entire flower buds were examined using a Hitachi S–4700–ll cold 
field emission SEM in the Jodrell Laboratory, Royal Botanic Gardens Kew. FAA fixed 
material was dissected in 70% ethanol, dehydrated through a series of increasing 
alcohol: water dilutions (one hour each in 70% ethanol, 90% ethanol, 100% ethanol, 
100% ethanol) and dried using a Baltec 030 Critical Point Dryer (CPD). The dried 
material (also dried flowers from herbarium specimens) were directly mounted onto 
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SEM stubs and coated in platinum using an Emitech K550 sputter coater. Large 
composite photographs were made of some buds and tepals consisting of several 
individual SEM photos using Adobe Photoshop. 
2.4.1 Investigation into the development and distribution of glandular 
hairs on the tepals of Nuphar lutea
The presence of glandular hairs on exposed patches of tepals but not on the covered 
non-green patches prompted an investigation into their development and distribution. 
The SEM was used to photograph several areas of the outermost tepal from seven 
non-experimental buds of Nuphar lutea (two of width 0.1cm, one of 0.2cm, two of 
0.25cm, two 0.5cm, one 1cm and one 1.5cm width bud). The number of areas 
photographed depended on the size of the bud (from two areas in a bud of 0.1cm up to 
ten areas in larger buds). Each glandular hair in an 810 x 570m SEM photo (x150 
magnification) was examined and classified in one of four developmental stages (A, B, 
C or D from just appearing to fully mature gland; Fig. 9). The average number of 
glandular hairs at each developmental stage in each area was then calculated.
Fig. 9. Four selected stages (A-D) of glandular trichome development on tepals of Nuphar lutea, initiation 
(A) to fully mature (D). Scale = 25m
2.5 Sectioning and light microscopy
The inner and outer tepals of two buds of Nymphaea caerulea (5 cm and 7 cm in 
height) and two buds of Nuphar advena (1 cm and 2 cm in width) were hand-sectioned 
A B C D
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using a razor blade, both transversely (at right-angles to the main vascular traces) and 
longitudinally (parallel with the main vascular traces). Temporary preparations were 
made by mounting the sections onto microscope slides using water or glycerol. The EE 
tepals of N. advena bud 5 (Table C1) were also sectioned through both the EE and the 
unexposed areas.
Slides were examined and photographed using a Leica Diaplan photomicroscope or a 
Zeiss Universal microscope with attached Cannon Powershot G5 digital camera. 
2.6 Isolation of AP3- and PI-like genes from Nuphar 
lutea and Nymphaea caerulea
Standard procedures were used to isolate total RNA and to minimize RNase 
contamination including wearing clean gloves, using RNAse-free implements (razor 
blades and forceps) and mixing solutions in DEPC-treated water.
2.6.1 RNA extraction from tepals
The tissues used for RNA extraction were frozen in Liquid Nitrogen (LN) at collection. 
RNA was extracted from the petaloid innermost tepals of Nymphaea caerulea and from 
the petaloid patches of Nuphar lutea tepals using the Promega SV total isolation with 
free suspended tissues kit. After extraction the quality and quantity of the RNA was 
determined using an Agilent 2100 BioAnalyzer following the manufacturers 
instructions.
2.6.2 Reverse Transcription PCR and production of cDNA
Extractions that were found to be of good quality were used for cDNA synthesis. 
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Reverse transcription was performed using Superscript II RNase H-reverse 
transcriptase (Invitrogen 18064-014) with a PolyT primer (MuPolyT 5’-GAC TCG AGT 
CGA CAT CAG TTT TTT TTT TTT TTT T-3' designed by Francisco Vegara-Silva) and 
following the manufacturer’s instructions. 
A nested amplification approach was used to amplify the required AP3 and PI
sequences. All Polymerase Chain Reactions (PCR) consisted of 50l of PCR reaction 
buffer (50mM Tris-HCl [pH 9.0]; 50mM NaCl; 5mM MgCl2) containing 20m of each 3’ 
and 5’ primer, 200 mmol of each deoxyribonucleotide and 1.25 units of GoTaq DNA 
Polymerase (Promega M3171). The first PCR was performed with two primers, Mu (5' 
GAC TCG AGT CGA CAT CAG 3') and a MADS-box degenerate primer (MADS1 5'-
GGS NMG DGG RAA RAT HSA GAT-3' both designed by Francisco Vegara-Silva)
under the following conditions: 94oc for 5:00min; 94oc for 0:30min; 50oc for 1:00min; 
72oc for 1:30min; 34 times to step two and then 72oc for 6:00min. The second PCR 
used Mu as a reverse primer in conjunction with a forward gene specific primer under 
these PCR conditions 94oc for 5:00min; 94oc 0.30min; 60oc 1:00min; 72oc 1:30min; 34 
times to second step and 72oc at 6:00. The Gene Specific Primers (GSP) were 
designed using Nuphar and Nymphaea AP3 and PI sequences from Genbank (Table 
A1, A2). 
PCR products were run on a 1.5% agarose gel containing Ethidium bromide with a 100 
base pair DNA ladder (Promega 21843702). Products of the correct size were 
prepared for cloning.
2.6.3 Purifying, cloning and identifying isolated genes
PCR products were cloned using a pCRII-TOPO vector (Invitrogen) following the 
manufacturer’s protocol. The transformed bacteria were spread onto LB plates (0.1% 
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Triptone, 0.05% Yeast E, 0.1% NaCl, 0.15% Agar and ampicillin) and left to grow 
overnight at 370C. Individual colonies were PCR amplified with pCRII-TOPO vector 
primers M13 Forward primer (M13F) and M13 Reverse primer (M13R) under the 
following conditions 94oc for 5:00min; 70oc 0.10min; 94oc 0:15min; 55oc 0:30min; 72oc 
0:40min; 29 times to second step and 72oc at 5:00. PCR products of the appropriate 
size were sequenced using the M13F primer on a fully automated Perkin Elmer 377 or 
Perkin Elmer 373 sequencer. 
The identity of the cloned DNA fragments was determined using BLAST searches in 
Genbank followed by phylogenetic analysis. Their relationship to other MADS-box 
gene family members was determined by phylogenetic analysis with 48 identified 
representatives of the A-, B- (AP3 and PI), C and E-class MADS-box genes from 
Arabidopsis thaliana, AP3- and PI-like genes from other basal angiosperms and 
Antirrhinum and a TM6 AP3 gene from petunia (see Table E1). The amino acid 
sequences from most of these genes were aligned using MUSCLE (Edgar 2004) 
followed by manual adjustments in PhyDE. Arabidopsis thaliana PI and Antirrhinum 
majus GLO and DEF sequences were added to the PhyDE alignment by hand. The 
DNA alignment was derived from the Amino Acid (AA) alignment. Maximum parsimony 
Bootstrap analyses was performed on each dataset using PAUP version 4.0 (Swofford 
2001). Analyses using amino acids were done with all changes weighted equally and 
with a step matrix based on the Blosum62 matrix. Analyses were performed with over 
200 replicates each with twenty random additions/ replicate (ten for the step matrix 
analysis) using default settings.
Each identified gene was named using the following system conceived by Kim et al. 
(2005); the first two letters of the genus, a full stop, then the first two letters of the 
species, a full stop followed by its closest homolog in Arabidopsis according to BLAST
e.g. a PISTILLATA homology identified from Nuphar lutea was abbreviated as Nu.lu.PI. 
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Genes with multiple homologues were followed by a full stop then a number to 
distinguish them. Those plasmids that held AP3- and PI-like genes from Nuphar and 
Nymphaea were purified using standard methods and kept at -800c.
2.7 RNA in-situ hybridisation of B-class gene 
expression in perianths of Nuphar lutea and Nymphaea 
caerulea
Collection and preparation of tissue for in-situ hybridisation was carried out following 
the protocol by Jeff Long (20/11/02) with some modifications by Karen James. All 
solutions and equipment used during this procedure were RNAse-free and standard 
techniques were used to reduce contamination of solutions and tissues with RNAses. 
2.7.1 Collection of tissue for RNA in-situ hybridisation 
Experimental buds were collected and immediately placed in 4% paraformaldehyde 
and 4% DMSO in PBS. To aid penetration of the fixative, unneeded portions of the 
buds were removed, including the staminodes, stamens and gynoecium. Large
nonessential areas of the perianth were also removed i.e. perianth series subadjacent 
to the EE tepals in N. caerulea and areas that were not the EE area or within 1cm of 
the surrounding of the EE area. The receptacle and tepals covering the EE tepals were 
retained so that the EE and covered area of the EE tepal could be identified in the 
subsequent TS sections. Samples were then vacuumed infiltrated and left in fix at 4oc 
overnight. 
2.7.2 Embedding and sectioning of tissue
After fixation, tissues were prepared for embedding in Paraplast-plus wax (Sigma-
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Aldrich 76258). Samples were dehydrated at 4oC in the following solutions while gently 
shaking: 1X PBS wash for 30 min twice, 30% ethanol (EtOH) 60 min, 40% EtOH 60 
min, 50% EtOH 60 min, 60% EtOH 60 min, 70% EtOH 60 min, 85% EtOH 60 min and 
95% EtOH plus eosin overnight. Then at room temp with agitation, samples were 
washed in the following solutions; 100% EtOH with eosin for 30 min twice, 100% EtOH 
plus eosin 60 min twice, 25% histoclear and 75% EtOH 30 min, 50% histoclear in 50% 
EtOH 30 min, 75% histoclear in 25% EtOH 30 min and 100% histoclear for 60 min 
twice. Samples were left in ¼ volume paraplast plus wax in 100% histoclear overnight 
at 600c with no shaking. The tissues are then left in 100% paraplast plus at 600c for 
three days with wax changes twice a day and then placed in wax moulds and stored at 
40c. The tissue wax blocks were sectioned 6-8m thick using a Leica RM2065 sliding 
microtome. Sectioned ribbons were mounted onto Fisher ProbeOn plus slides (Fisher 
15-188-52) with water and left on a 420c slide warmer overnight for the sections to 
adhere to the slides. Slides were then stored at 40c. 
2.7.3 Preparation of RNA probes for in-situ hybridisation via in vitro
transcription
AP3- and Pi-like cDNA sequences from Nuphar lutea and Nymphaea caerulea were 
used to design primers to generate DNA templates for probe synthesis (see Section 
2.6). These primers (Table A3) were designed to produce templates for RNA probes 
that were specific to each species (Nuphar lutea or Nuphar caerulea) and gene (AP3 or 
PI). When possible probes were designed to hybridise to the 3’ untranslated region. In 
Nymphaea caerulea I isolated at least three alternatively spliced AP3-like transcripts so 
probes for this gene were designed to hybridise outside the splicing sites to stretches 
of gene common to all AP3 versions. The T7 RNA polymerase binding site was 
incorporated into the template by adding it to the 3 prime end of the forward or reverse 
primer depending, on whether it was the template for the antisense (reverse primer) or 
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sense (forward primer) probe. The DNA templates were generated using these primers 
and under these PCR conditions: 94oc for 5:00min; 94oc for 0:30min; 50oc 0:50min; 
72oc 1:00min; 24 times to second step and 72oc at 5:00. Prior to transcription the PCR 
products were cleaned using a standard chloroform:isoamyl:alcohol:phenol procedure. 
A sample of the each PCR was also sequenced to verify that it was the correct 
template. 
RNA probes were labelled with Digoxigenin-UTP by in vitro transcription using the 
above DNA templates. Antisense and sense (negative control) AP3 and PI transcripts 
were produced using Ambion’s T7 RNA Polymerase-plus with a DIG RNA labelling kit 
(Roche SP6/T7). Probe quality and quantity was determined using an Aligent 2100 
BioAnalyzer and labelling efficiency was checked using the spot test recommended in 
the DIG RNA labelling kit. 
2.7.4 Non-radioactive RNA in-situ hybridisation 
During in-situ hybridisation (ISH) I used Jeff Long’s non-radioactive protocol (see 
Appendix B for the summarised protocol). Standard RNAse-free techniques were 
employed to reduce contamination i.e. all glassware was baked for 3 hours at 180 
degrees, plastic boxes were soaked in 0.1 NaOH overnight and all solutions were 
made with DEPC-treated water. The procedure was carried out under a laminar flow 
hood and gloves were worn throughout the procedure. To optimise ISH I carried out a 
number of tests. To find out the correct length of time my slides should be left in 
Protinase K I performed a titration and subjected slides to 15min, 30min, 45min or 
60mins in Proteinase K. With each new specimen, different concentrations of sense 
and antisense probes (i.e. 1x, 2x, 3x, 4x and 5x) were added to the slides during 
hybridisation to determine the best concentration for clear signal with little or no 
background. The resulting slides were examined and photographed using a Leica 
71
Diaplan photomicroscope or a Zeiss Universal microscope with attached Cannon 
Powershot G5 digital camera. 
ISH slides of Nuphar lutea and Nymphaea caerulea showed a similar pattern of 
staining in the sense and antisense slides. The following modifications were employed 
in different ISH runs to try and remove non-specific binding in these species. (1) A pre-
hybe (that contained all the ingredients of the hybe but without probe) was added to the 
slides before hybridisation. Slides were then left in the oven at 55oc for two hours prior 
to hybridisation with their probe. (2) 5mM of Levamisole, which inhibits endogenous 
phosphatases, was added to the Tris 9.5/NaCl/MgCl2 wash and to the substrate 
solution. (3) Added different percentages of Tetra-Sodium Pyrophosphate (0.05%, 
0.1% and 1% TSP in hybe solution) and (4) Fragmented salmon sperm DNA (in a 
different run) were added to the hybe and pre-hybe to try and block non-specific sites 
that the probes may bind to. Before adding Salmon sperm to the hybe it was heated in 
boiling water for ten minutes and then cooled on ice for 5min. to render it single 
stranded. (5) To remove any unbound probe and antibody I performed 8 washes 
(rather than 2) in 2x SSC for two hours after hybridisation and two washes in 100mM 
Tris pH 9.5, 100mM NaCl, 50 mM and Tris 9.5/NaCl/MgCl2 for ten minutes. (6) To try 
and determine what was binding non-specifically in the sense and antisense slides of 
N. caerulea I introduced a number of additional controls. These included slides with no 
probe added, control slides with no-probe plus no anti-DIG fab fragments (that was 
also performed on Nuphar) and slides with unincorporated DIG-UTPs (from a DIG RNA 




DIFFERENTIATION IN PERIANTH ORGANS OF 
NYMPHAEALES
3.1. Introduction
The waterlily order Nymphaeales is one of the earliest-diverging lineages of extant 
angiosperms. It consists of two closely related families, Cabombaceae and 
Nymphaeaceae, which are readily distinguished from each other based on seed 
anatomy, embryology (Khanna 1964 1967; Batygina et al. 1980; Collinson 1980; Ito 
1982), floral vasculature (Ito 1986), pollination biology (Osborn & Schneider 1988), 
vegetative morphology (Goleniewska-Furmanowa 1970; Rao & Banerjee 1979; 
Weidlich 1976a, b, 1980), floral characters (Schneider et al. 2003) and serology (Simon 
1971). Cabombaceae includes two genera, Brasenia Schreb. and Cabomba Aubl., and 
Nymphaeaceae six genera: Barclaya Wallich, Euryale Salisb., Nuphar Sm., Nymphaea
L., Ondinea Hartog and Victoria Lindl. The largest waterlily genus Nymphaea (c. 50 
species), is segregated into five subgenera based upon morphology, geographic 
distribution and molecular data: Anecphya Caspary (Papuan-Australian), Hydrocallis
Planchon (Neotropical), Brachyceras Caspary (Pantropical) and Nymphaea de 
Candolle (North-temperate) (Caspary 1891; Conard 1905; Borsch et al. 2007; Lohne et 
al. 2007). Molecular and morphological analyses (Padgett et al. 1999) also support 
division of Nuphar into two sections: Nuphar sect. Nuphar (all the Eurasian species, 
plus N. microphylla  [Pers.] Fern., from Northeast North America) and Nuphar sect. 
Astylus.
Molecular analyses maintain the monophyly of Cabombaceae but yield low support for 
monophyly of Nymphaeaceae (Les et al. 1999; Lohne et al. 2007). The most recent 
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and comprehensive study of Nymphaeales (Lohne et al. 2007) used multigene 
datasets and representatives from all genera and subgenera of Nymphaeales to study 
relationships within the order. This study found that Nymphaea is paraphyletic with 
respect to Victoria, Euryale and Ondinea (Fig. 10), which are all nested within 
Nymphaea; Ondinea forms a well-supported clade with Nymphaea subg. Anecphya, 
supporting previous morphological studies that suggested a close relationship between 
Nymphaea and Ondinea (Den Hartog 1970; Williamson & Moseley 1989; Williamson & 
Moseley 1989). However, resolving all the relationships within Nymphaeales requires 
additional taxonomically informative characters, as some of the relationships were not 
supported in all datasets, so here I use traditional treatments of Nymphaeaceae that 
recognise only six genera. A recent multigene molecular analysis by Saarela et al.
(2007) placed the aquatic family Hydatellaceae as sister to Nymphaeales, but these 
authors did not formally assign Hydatellaceae to the order. Since the reproductive units 
of Hydatellaceae are questionably interpreted either as inflorescences or flowers 
(Rudall et al. 2007), and hence they are either perianthless or possess bract-like 
tepals, I do not include them in the discussion in this thesis. 
Nymphaeales display several floral features that distinguish them from other ANA-
grade angiosperms (Amborella, Austrobaileyales inc. Schisandraceae, Trimeniaceae 
and Illicium) (Endress 2001a; Schneider et al. 2003). For example, Nymphaeales is the 
only ANA-grade lineage in which distinct sepals and petals have been reported, 
however interpretation of perianth differentiation is inconsistent in this order. The 
perianth of Nymphaeales has been described as dimorphic (bipartite), consisting of two 
organ types (e.g. Schneider et al. 2003), monomorphic (unipartite), consisting of a 
single organ type (Judd et al. 2002), or presenting examples of both states. Among the 
families of Nymphaeales, the perianth of Cabombaceae has been described as 
bipartite (De Craene et al. 2003; Schneider et al. 2003; Les et al. 1999) or unipartite 
(Doyle & Endress 2000; Moseley 1961, 1972), and the perianth of Nymphaea and 
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Victoria (Nymphaeaceae) has been described as unipartite (see Soltis et al. 2005) or 
displaying a gradual morphological transition from large outer sepaloid (green) perianth 
organs through to smaller, inner petaloid (colourful) perianth organs (Endress 2001a). 
In this chapter, I investigate floral structure in five genera of the Nymphaeales 
(Barclaya, Cabomba, Nuphar, Nymphaea and Brasenia), in order to establish whether 
the perianth is dimorphic. Additional information on perianth structure in these genera 
and Victoria and Ondinea was obtained from the literature. Despite some 
morphological differences between the perianth series, I term all the perianth members 
in Nymphaeales as tepals, rather then sepals and petals. I interpret the small stamen-
like organs that surround the stamens in Nuphar as staminodes, though they are often 
interpreted as petals, and the two outermost floral series in Nuphar (termed the calyx 
by Moseley 1958) as tepals (see Section 3.2.2). For comparison, I examined mature 
perianth morphology in several other ANA-grade angiosperms, including Amborella
(Amborellaceae), Schisandra (Schisandraceae) and Illicium (Illiciaceae) to determine 
which characteristics within the Nymphaeales are derived and which are ancestral. 
Preliminary observations suggest that in several angiosperms, including many early-
divergent angiosperms, both sepaloid and petaloid patches can co-occur on the same 
individual tepal. 
Evolution of increased perianth organ number and merosity in Nymphaeales has been 
examined previously (Schneider 1979; Les et al. 1997, 1999; Schneider et al. 2003; De 
Craene et al. 2003; Endress 2001a) and will not be further discussed here. Instead, I 
present some new observations on morphological variation within individual tepals of 
the Nymphaeales (and other early-divergent angiosperms) and discuss their 
implications with respect to current concepts surrounding the angiosperm perianth. 
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3.2. Results
3.2.1 Summary of perianth characteristics in Nymphaeales  
A review of perianth morphology in Nymphaeales and several other early-divergent 
angiosperms is given in Table 1 and Fig. 10. My own observations show that in many 
Nymphaeaceae, both sepaloid (green) and petaloid (colourful) patches can occur on 
each individual outer tepal (Euryale, Nuphar, Nymphaea and perhaps Victoria 
amazonica) and also on second-series tepals (Nymphaea). In many species of Nuphar 
and Nymphaea and in Euryale (Fig. 11A, F–H, M) sepaloid areas occur mostly in the 
areas of the perianth that are exposed when the flower is in bud (here termed the 
exposed areas) whereas the petaloid patches occur in regions that are covered by 
overlying perianth organs (here termed the covered areas). These observations were 
made from living material, except in Victoria amazonica, which apparently resemble 
Nymphaea based on a photo in Prance and Arias (1975). The distribution of these 
different patches suggests a link between exposure and the development of sepaloid 
areas.     
Further investigation of Nymphaea and Nuphar shows several morphological 
differences between the green and coloured areas, in addition to the colour differences 
(Fig. 11A-L). In tepals of Nuphar, trichomes are abundant on the green areas (Fig. 
11D), but rare on the yellow areas (Fig. 11C). On tepals of Barclaya and Brasenia, 
trichomes also occur on the abaxial tepal surface predominately in exposed areas but 
rarely in covered areas (Fig. 12A-C, G-I). In the Nymphaeales, trichomes are also 
present on other plant surfaces, including the stem, peduncle and the abaxial leaf 
epidermis (Chen & Zhang 1992; Kaul 1976; Goleniewska-Furmanova 1970; Inamdar & 
Aleykutty 1979; Laser 1978). The perianths of Euryale and Victoria have spines only on 
the exposed regions of the outer tepals (Schneider 1976; Solcum et al. 1996). Spines 
also occur on their stems, penduncles and on the abaxial surfaces of their leaves. 
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In most Nymphaeaceae (except Barclaya and Nuphar) there is a gradual 
morphological transition from the outer to the inner floral organs. In Ondinea, Euryale
and most species of Nymphaea this morphological transition occurs from the outermost 
tepals through to the stamens (Schneider 1983; Conard 1905; Moseley 1958, 1961; 
Heslop-Harrison 1955), whereas in Victoria there is an abrupt change between the 
innermost perianth organs and the outermost staminodes (Moseley 1958; Schneider 
1976). Staminodes have also been reported in Barclaya, Nuphar and Euryale (Moseley 
1958; Schneider et al. 2003). Staminodes are absent in Nymphaea, though the 
outermost fertile organs occur immediately between the innermost tepals and the 
outermost stamens (Moseley 1958). In Cabombaceae there is no morphological 
transition within flowers, and staminodes are absent (Moseley 1958). 
3.2.2 Nuphar
With ten species from temperate regions of the Old and New World, Nuphar is the only 
non-tropical genus of Nymphaeales (Les et al. 1997). Flowers of Nuphar were 
described in detail by Moseley (1965, 1972), Schneider et al. (2003) and Cutter 
(1957a, 1957b, 1959, 1961). They are 1–8cm in diameter, sub-globose and 
hypogynous. In N. lutea (section Nuphar), N. advena and N. polysepala (section 
Astylus) the first organ initiated on the floral meristem is a small scale-like appendage 
that later becomes separated from the flower through intercalary growth of the 
penduncle (Cutter 1957a; Moseley 1972). The identity of this organ has been the 
subject of considerable debate. Cutter (1957a, 1957b, 1959, 1961) and Caspary (1891) 
considered it to be a sepal because it has the same position as the first perianth organ 
of Nymphaea. However, Moseley (1972) convincingly argued for its interpretation as a 
bract. 
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Initiation of the first organ is followed by the development of organs that ultimately 
become large, broad and petaloid. Previously, several authors have interpreted these 
organs as sepals (Moseley 1958; Cutter 1957b, 1959; Schneider et al. 2003; Schneider 
& Moore 1977). They interpreted the 10–25 sterile stamen-like organs (here termed 
staminodes) that occur in one or two irregular whorls between the sepals and stamens, 
as petals, based upon their petaloid (colourful) appearance and the presence of a 
central nectary on each organ (nectaries also occur on the inner tepals of Cabomba; 
Schneider & Jeter 1982). However, I term these organs tepals and staminodes, 
respectively rather than sepals and petals. I consider the inner organs to be 
staminodes because they resemble the stamens in morphology, ontogeny and 
vasculature (each possesses a single vascular trace) (Moseley 1958). Furthermore, in 
most other Nymphaeaceae there is a gradual morphological transition from the 
innermost perianth organs to the stamens, and staminodia are present. 
The number of tepals varies between the two taxonomic sections of Nuphar. The 
perianths of Nuphar sect. Nuphar consists of 5 (6) tepals and that of Nuphar sect 
Astylus 6–12 (14) tepals (Moseley 1972; Padgett et al. 1999). In N. lutea, N. advena
and N. variegata 6–7 tepals are initiated in a spiral, with the first organ (the bract) 
abaxial, the first two tepals in lateral positions, followed by an adaxial tepal, a fourth 
abaxial tepal and a final one (N. lutea) or two tepals (N. advena and N. variegata) in a 
lateral-posterior position (Moseley 1972; Endress 2001a; Schneider et al. 2003). The 
tepals appear to be in two series due to a longer plastochron between the third and 
fourth organ (Endress 2001a; Schneider et al. 2003). Tepal number is not clear in 
species of Nuphar with more than six tepals, though N. polysepala (sect. Astylus), N. 
advena and N. lutea usually possess three outer tepals (Schneider et al. 2003; 
Endress 2001a; Moseley 1972).  
The adaxial surfaces of the tepals are either pale yellow (N. advena, N. lutea, N. 
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polysepala) or red to dark purple (sect. Astylus: N. ozarkana, N. variegata) (Padgett et 
al. 1999). The abaxial surface of each tepal has a green area and a yellow area. My 
observations on N. lutea and N. advena suggest that prior to anthesis the green areas 
mostly develop on the exposed areas of the tepals, while the covered areas are mainly 
yellow (Fig. 11A). Many authors (e.g. Padgett et al. 1999) have described the tepals of 
Nuphar as yellow with green bases. However, the observation by Michael Frohlich 
(pers. comm.) of a link between exposure and the development of the green areas 
appears to be novel. My SEM studies have revealed further differences between the 
green and non-green areas. The green areas of the perianth bear short- and long-
stalked trichomes and have relatively domed pavement cells (Fig. 11B, D), whereas 
trichomes are absent from the yellow patches on both abaxial and adaxial surfaces, 
and the pavement cells are relatively flat (Fig. 11B, C, E). As the flower opens, the 
abaxial surface turns yellow from the tip of the tepal downwards, leaving a small green 
patch at the base of each tepal. 
3.2.3 Barclaya 
This genus is endemic to Southeast Asia and contains four species, B. kunstleri (King) 
Ridl., B. longifolia, B. motleyi Hook. f. and B. rotundifolia M. Hotta. The outermost 
series of the Barclaya flower contains 4–5 keeled organs that are attached below the 
ovary (Williamson & Schneider 1994). These organs (here termed tepals) have been 
identified either as bracts or as sepals. The presence of a hypogynous outer tepal 
series led many authors to assign the genus to its own family, Barclayaceae. However, 
morphological and molecular phylogenetic studies have supported placement of 
Barclaya in Nymphaeaceae (Williamson & Schneider 1994).  
At maturity, the abaxial surface of the outer tepals is green in Barclaya kunstleri and B. 
motleyi, greenish-pink with green patches near the base in B. longifolia and greenish to 
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white with maroon bases in B. rotundifolia (Solcum et al. 1996). No information is 
available on the colour of the adaxial surfaces. 
A distinctive character of Barclaya is that the inner tepals are basally fused into a tube 
that separates distally (Les et al. 1999; Williamson & Schneider 1994). Inner tepal 
colour is dark red to pink (Solcum et al. 1996; Williamson & Schneider 1994). In B. 
longifolia short- and long-stalked trichomes are present on the abaxial epidermis of the 
outer tepals, covering the entire surface of the two outermost tepals, but are absent 
from the margins of the next two tepals possibly where the adjacent tepal overlies it 
when the flower is in bud, as in Nuphar (Fig. 12A, B). Diagrams of Barclaya species in 
Solcum et al. (1996) suggest that long-stalked trichomes are also present on the 
exposed areas of the outer tepals of B. motleyi and B. rotundifolia. On the tepals of B. 
longifolia glands rarely occur on the adaxial surface (Fig. 12C).
3.2.4 Ondinea
Ondinea purpurea den Hartog is endemic to the Northern Kimberley District of Western 
Australia (Schneider 1983). The two subspecies are primarily distinguished by the 
presence of two perianth series in O. purpurea subsp. petaloidea and only one in O. 
purpurea subsp. purpurea. The flowers of O. purpurea subsp. purpurea are also 
slightly smaller, and have fewer stamens (14–23) and carpels (3–7) than subspecies 
petaloidea (27–34 stamens and 5–10 carpels) (Williamson & Moseley 1989). At 
maturity, the four outer tepals are obtuse, slightly convex and papillose (Kenneally & 
Schneider 1983). Length varies between 9-33 mm and is generally slightly longer in 
subspecies petaloidea (Schneider 1983; Kenneally & Schneider 1983). The inner 
tepals of O. purpurea subsp. petaloidea are 13–26 mm long, 2–6 mm wide and oblong-
elliptic shaped (Kenneally & Schneider 1983). 
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Fig. 10 Morphological characters (taken from the literature plus new observations) mapped onto a 
Nymphaeales phylogeny constructed by Lohne et al. (2007). A, Green (sepaloid) and petaloid (colourful) 
patches co-occur on individual tepals. B, Spines present on tepals. C, Distribution of trichomes on the 
abaxial and adaxial tepal surfaces. 
Trichomes absent 
Trichomes rare 
Trichomes present over 
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The abaxial side of the outer tepals is light green becoming pale pink distally 
(Schneider 1983). At anthesis, the outermost perianth series is reflexed, exposing the 
pink purple adaxial surfaces (Den Hartog 1970; Schneider 1983). The adaxial and 
abaxial surfaces of the inner tepals are light to dark purple and are reflexed at anthesis 
(Kenneally & Schneider 1983). In O. purpurea subsp. purpurea the outer tepals remain 
reflexed throughout flowering while in O. purpurea subsp. petaloidea the perianth 
displays different degrees of closure (Schneider 1983). 
3.2.5 Nymphaea
The genus Nymphaea consists of c. 50 species in five subgenera, Anecphya, 
Brachyceras, Castalia (syn. subg. Nymphaea), Lotos and Hydrocallis, based upon 
floral, stem, leaf and seed morphology, molecular data and geographic distribution 
(Conard 1905; Borsch et al. 2007; Lohne et al. 2007). 
The outer four tepals (sometimes 5–7 in species with larger flowers and vigorous 
samples of some species e.g. N. alba L. and N. tuberosa Paine) are ovate and either 
rounded or sharply angled at the point of attachment (Conard 1905; Moseley 1961). 
The inner tepals are oblong-lanceolate to obovate with the second-series perianth 
organs larger than the tepals of the subsequent series and whorls. Inside the fourth 
perianth whorl the arrangement of the tepals differs between the different subgenera, 
with the perianth organs either arranged in cycles (Brachyerous, Lotos and Hydrocallis) 
or in spirals with the tepals attached at an incline (Castalia and Eucastalia) (Conard 
1905).
In most species of Nymphaea (apart from members of the subgenera Lotos and 
Anecphya, and some specimens of N. candida and N. tetragona) the inner tepals 
morphologically grade into the stamens (Conard 1905; Moseley 1961; Heslop-Harrison 
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1955). Each tepal usually receives one trace (Moseley 1961). In N. tetragona the outer 
tepals can have up to three traces (Ito 1983, 1984).
My observations on Nymphaea caerulea and many Nymphaea cultivars agree with 
previous descriptions by Conard (1905). In the outer tepals the exposed areas are 
green (sepaloid) or reddish green and in some species marked with dark purple stripes 
and spots while the areas that are covered by an overlying tepal are petaloid (white, 
yellow, pink, red or blue depending upon the species; Conard 1905; Heslop-Harrison 
1955) (Fig. 11F). In the second-series perianth organs, sepaloid patches occur on their 
abaxial epidermis, especially in areas that are first exposed as the flower opens, while 
the remaining (covered) area of the tepal is colourful (Fig. 11H). The abaxial surfaces 
of the small inner tepals and the adaxial surfaces of all the perianth members are 
colourful (both of which are covered when the flower is in bud; Fig. 11G). 
In N. caerulea I have observed additional morphological differences between the 
sepaloid and petaloid areas of the perianth. The petaloid areas of the perianth are 
purple and have well-defined, papillate pavement cells (Fig. 11J, L), whereas the cells 
of the sepaloid areas are non-papillate and relatively short and flat (Fig. 11I). The 
sepaloid areas are green with dark-purple stripes and thus resemble the abaxial leaf 
surface (Figs. 11H, 27G). Glandular trichomes are evenly distributed on the inner and 
outer epidermis of all the perianth organs. 
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Fig. 11. Perianth morphology of Nuphar, Nymphaea and Euryale (Nymphaeaceae). A-E, Nuphar lutea; A,
flower bud beginning to open showing sharp boundaries between green (dark, exposed) and yellow (pale, 
formerly covered) areas; B, small bud showing Exposed Areas (EA) with trichomes. Outermost tepal 
pulled back to reveal the Covered Area (CA) of the underlying tepal; C, covered yellow area on abaxial 
surface of tepal. Round structures are stomata; D, exposed green area on abaxial surface of tepal. 
Prominent round structures are trichomes; E, adaxial surface of tepal. F, Nymphaea hybrid flower bud, 
with tepal pulled out to reveal the covered, petaloid edge. G-L, Nymphaea caerulea - G, H, flower; I, J, 
surfaces of outer tepal; I, exposed green abaxial surface of tepal; J, adaxial; K, L, abaxial (K) and adaxial 




The single species of Euryale (Euryale ferox) is native to tropical east Africa, Southeast 
Asia and China (Slocum et al. 1996). The flowers have numerous perianth members 
arranged into a number of series and whorls (Schneider et al. 2003). 
The outermost perianth series consists of four thick, triangular-ovate members 1–1.5 (–
3) cm long (Zhengyi et al. 2001). The relatively thin inner tepals are oblong-lanceolate 
shaped (Zhengyi et al. 2001; Les et al. 1999; Schneider et al. 2003; Solcum et al. 
1996). The outer tepals of Euryale are generally described as green on their abaxial 
surface and red-purple on their adaxial epidermis (Slocum et al. 1996; Khan 1979). 
However, I have observed that the exposed areas of the outer tepals are green with 
spines while the areas covered by overlying tepals do not have spines and are red-
purple. This characteristic was not described in the available literature but was 
depicted in a photo by Solcum et al. (1996) and a drawing of Euryale ferox in van 
Houtte (1852–1853) (Fig. 11M). The members of the second perianth whorl are entirely 
purple; the middle series are purplish with a white base and the inner whorl(s) are more 
or less white (Khan 1979; Solcum et al. 1996). These tepals are completely covered by 
the outer tepals until anthesis.
3.2.7 Victoria
Flowers of Victoria are the largest of Nymphaeales and can reach up to 25 cm in 
diameter (Schneider 1976). The two species of Victoria (V. amazonica and V. cruziana) 
are exclusively night-blooming (Schneider et al. 2003). The number of perianth organs 
ranges from 53–74 (Schneider 1976; Schneider et al. 2003). The outer tepals of the 
flower are slightly keeled, 12 cm long and 7–8 cm wide (Schneider 1976). The inner 
tepals are obtuse to oblong-ovate and are thinner and more delicate in texture than the 
organs of the outermost series (Les et al. 1999; Schneider 1976). Photographs of V. 
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cruziana and V. amazonica in Solcum et al. (1996) indicate that the adaxial surfaces of 
the outer tepals are coloured (the same colour as the inner tepals) whereas the abaxial 
surface is a green to greenish-brown. However, photos of V. amazonica in Prance and 
Arias (1975) suggests that the margins of the outer tepals are white, though this was 
not mentioned in any of the descriptions of this genus and has not been observed in 
specimens at the Royal Botanic Gardens Kew. An interesting feature of the inner 
tepals of Victoria is that their colour changes from white to red between the first and the 
second day of anthesis (Prance & Arias 1975; Solcum et al. 1996).
In both species, spines are present on the exposed abaxial areas of the outer tepals. In 
V. cruziana the spines are restricted to the base of the tepals whereas in V. amazonica 
the spines are distributed from the base to near the tip of the tepals (Schneider 1976). 
Spine number may differ between populations of V. cruziana; some authors (e.g. 
Solcum et al. 1996) have observed that the tepals of their specimens lacked spines.
3.2.8 Cabomba
This genus contains five species that occur in tropical areas of the New World (Les et 
al. 1997). Their flowers range from 1–2cm in diameter and have six perianth organs 
(Schneider & Jeter 1982; Ørgaard 1991). 
The second-whorl tepals are developmentally retarded compared with the outer tepals 
and stamens, and only expand shortly before anthesis, becoming broader and longer 
than the outer tepals and sometimes enfolding them (Moseley et al. 1984; Tucker & 
Douglas 1996; Endress 2001a; Schneider et al. 2003). The tepals of Cabomba are 
white, yellow or pink to purple-violet (Ørgaard 1991; Schneider et al. 2003). Cabomba 
caroliniana A. Gray has white tepals but the margins may become pinkish in older 
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flowers (Schneider & Jeter 1982). Each inner tepal has two yellow patches at the base 
of the adaxial surface that bear two claw-shaped nectarines (Schneider & Jeter 1982). 
My observations on Cabomba palaeformis and figures of C. caroliniana A. Gray from 
Schneider et al. (2003) suggest that there are epidermal differences between the two 
perianth whorls. In C. palaeformis the outer whorl has glandular trichomes on the 
abaxial surface (Fig. 12D) that are rare on the adaxial epidermis (Fig. 12E) and absent 
from both surfaces of the inner tepals (Fig. 12F).
3.2.9 Brasenia
The single species, Brasenia schreberi, has a wide distribution covering temperate and 
tropical regions of the World (Les et al. 1997). Flowers are 1–2 cm in diameter and 
have six (occasionally 4–8) perianth organs (Schneider et al. 2003; Richardson 1969). 
In contrast to all other Nymphaeales, the flowers of Brasenia are wind-pollinated rather 
than insect-pollinated (Schneider et al. 2003). 
The outer tepals are linear-lanceolate, measuring 8 mm long and 3 mm wide. The inner 
tepals are linear and slightly longer (10–13mm long) than the outer tepals (Ito 1986). 
The inner tepals are purple-red or maroon. The outer tepals are coloured on their 
adaxial side (Richardson 1969). The colour of the abaxial surface has not been 
reported. 
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Table 1. Perianth morphology in the Nymphaeales and other early-divergent angiosperms (Amborella, Illicium and Schisandra). Characters I have observed are in bold
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or red 5 Dark red
14 Light-dark 
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Purple-red 3 Colourful Colourful
Trichomes 
present No No No ? Yes ? ? No Yes Occasional ?
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cells Yes 
26 No ? ? Yes ? ? ? ? Weakly striate ?
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Characters I have observed are in bold. Characters from previous studies are: 1 Schneider et al. (2003); 2 Endress (2001a); 3 Richardson (1969); 4 Moseley (1961); 5 Padgett et al. (1999); 6 Conard (1905); 
7 Moseley (1965); 8 Ito (1983, 1984); 9 Heslop-Harrison (1955); 10 Schneider (1976); 11 Prance & Arias (1975); 12 Zhengyi et al. (2001); 13 van Houtte (1852-1853); 14 Solcum et al. (1996); 15 Khan (1979); 16
Kenneally & Schneider (1983); 17 Williamson (1988); 18 Osborn & Schneider (1988); 19 Williamson & Moseley (1989): 20 Schneider (1983); 21 Den Hartog (1970); 22 Schneider & Jeter (1982); 23 Williamson 
& Schneider (1994); 24 Les et al. (1997); 25 Ito (1986); 26 Buzgo et al. (2004); 27 (Bailey & Swamy 1946, Doyle & Endress 2000, Endress & Ingersheim 2000, Posluszny & Tomlinson 2003); 28 Smith 
(1947); 29 (Lui & Lu 1999, Tucker & Bourland 1994); 30 Robertson & Tucker (1979). ? = Character is unknown and () = Character occasional or rare. 
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Fig. 12. Perianth morphology of Barclaya (Nymphaeaceae), Cabomba and Brasenia (Cabombaceae), 
Flowers from herbarium specimens. EA = Exposed areas, CA = Covered areas.  A-C, Barclaya longifolia -
A, abaxial perianth surface. Tepal on right bears dense trichomes over entire surface. Tepal on left bears 
trichomes only in central stripe; trichomes are absent on area (CA) presumably covered in bud; B, short-
stalked trichomes on exposed surface; C, adaxial surface of a tepal. D-F, Cabomba palaeformis - D,
perianth. Part of the outer tepal has broken off (B) exposing the covered area beneath. Trichomes are 
present in both exposed and covered areas; E, adaxial surface of an outer tepal; F, adaxial surface of an 
inner tepal. G-I, Brasenia schreberi - G, H, abaxial surface of an outer tepal. Trichomes absent from the 
tepal margins which may have been covered in bud; I, adaxial surfaces of the tepals bear long-stalked 
trichomes.
91
Observations of perianth development in Brasenia are inconsistent. Schneider et al. 
(2003) found that the organs follow the development of Cabomba, with each whorl 
initiating simultaneously. However, Richardson (1969) found that the first and second 
outer tepals are initiated, and then an inner tepal is initiated before development of the 
third outer tepal. Schneider et al. (2003) also found that expansion of the inner tepals is 
slightly delayed relative to the outer whorl members, although this was not observed in 
specimens examined by Hiepko (1965). 
Young submerged flowers of Brasenia are covered in a thick coating of mucilage 
produced by epidermal trichomes present on the carpels and perianth organs 
(Richardson 1969; Schneider et al. 2003). Trichomes present on the abaxial surface of 
the perianth organs appear to be restricted to the exposed areas (Fig. 12G, H). 
Trichomes also form on the adaxial epidermis of the tepals (Fig. 12I) but, according to 
Richardson (1969), this occurs later in flower development and these trichomes do not 
produce mucilage.
3.2.10 Morphology and development of the perianth of other ANA-
grade angiosperms 
3.2.10.1 Amborellaceae
This monotypic family contains a single species, Amborella trichopoda, which is 
endemic to the forests of New Caledonia (Jérémie 1982). The flowers of Amborella are 
4 mm in diameter (Endress 2001a) and borne on inflorescences with a determinate 
thyrse structure (Buzgo et al. 2004). All flowers develop two transverse receptacular 
bracts. Male flowers possess 9–11 tepals whereas female flowers have only 7–8. The 
bracts are developmentally and morphologically very similar to the tepals and there is a 
debate as to whether there is a distinction between the organ types (Endress & 
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Ingersheim 2000; Endress 2001a; von Balthazar & Endress 2002; Buzgo et al. 2004). 
Therefore, the development of both organs will be described in this section. 
Most authors have described the development of the bracts and tepals as spiral 
(Endress & Ingersheim 2000; Endress 2001a; Posluszny & Tomlinson 2003). However, 
Buzgo et al. (2004) considered that the two bracts and the first tepal (which together 
form the outer series of the flower) initiate unidirectionally from the adaxial bracts to the 
abaxial tepal, while the remaining tepals initiate spirally. 
Although the perianth of Amborella is often defined as undifferentiated (Zanis et al. 
2003; Soltis et al. 2005), Buzgo et al. (2004) found several developmental and 
morphological differences between the outer and inner perianth series, including the 
presence of staminodial elaborations on the innermost tepals and a relatively long 
plastochron between the last outer tepal (tepal 2) and the first inner tepal (tepal 3). The
epidermal cells of the inner tepals are also papillate, especially on the tepal margins 
and adaxial surfaces. In contrast the outer tepals and bracts are weakly papillate to 
non-papillate on both surfaces, except at the margins that are relatively smooth. The 
degree of papillation on the abaxial surfaces appears to increase and become more 
pronounced from the outer to the inner perianth members (Buzgo et al. 2004). In 
Amborella (and many Nymphaeaceae) there are no abrupt morphological differences 
between the two perianth series, but rather a gradual differentiation across the perianth 
from outer bract-like organs through to inner colourful petal-like organs (Buzgo et al. 
2004). 
Though not explicitly stated, photos of Amborella in Buzgo et al. (2004) and Endress 
(2001a) indicate that each tepal and bract could have both a petaloid and non-petaloid 
patch on its abaxial epidermis. The petaloid patches are creamy-white (petaloid) and 
confined to the thin margins of the tepals, whereas the base and centre of the outer 
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tepals/bracts are relatively thick and brown (non-petaloid). In contrast, the adaxial 
surfaces are entirely creamy-white (petaloid). The petaloid and non-petaloid patches 
may correspond to the covered versus the noncovered areas, because in closed flower 
buds of Amborella the visible regions of the tepals/ bracts are entirely brown (non-




This family contains a single genus, Ilicium, consisting of ca. 35 species. This genus is 
native to the forests of eastern Asia and North and Central America (Smith, 1947). 
Their bisexual flowers are 1–3 cm in diameter and bear 7–33 tepals arranged in 
several series (Smith 1947; Saunders 1995). Tepals can be greenish-yellow, yellow, 
white, pink, red or purple (Smith 1947). All floral organs are initiated spirally (Endress 
2001a; Robertson & Tucker 1979). 
Smith (1947) divided Illicium into two sections, sect. Badiana Spach (or sect. Illicium) 
and sect. Cymbostemon (Spach) A.C. Sm., based largely on tepal morphology and 
pollen structure. In Badiana tepals are thin, narrowly oblong, ligulate or lanceolate, 
whereas tepals in Cymbostemon are ovate to suborbicular. However, data from more 
recent molecular and morphological studies did not find a clear distinction between the 
two sections. Instead, the studies suggest that the different perianth morphologies 
found within Illicium are the result of parallel evolution under strong selective pressure 
(Saunders 1995; Hao et al. 2000; Oh et al. 2003). 
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Fig. 13. Perianth morphology of Illicium parviflorum (Illiciaceae). SA = sepaloid area, PA = petaloid area. 
A-C, Flower (photos taken by M. Frohlich) – A, adaxial surface of tepals are creamy white; B, C, abaxial 
surfaces can have sepaloid and petaloid patches on the same tepal. D-G, Abaxial surface of an outer tepal 
– D, E, epidermal cells are strongly striated and procumbent. Glands and stomata are common; F, G, in 
some tepals (both outer and inner tepals) stomata and glands are absent from the margins (F) and base 
(G) of the tepal. Several of the outer tepals bear long-stalked trichomes along their tips (F). H, I, Adaxial 
surface of an outer tepal – Epidermal cells vary from relatively long and slightly striated at the base (H) 
becoming rounder and more striate towards the tip of the tepal. 
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Fig. 14. Gland distribution on tepals of Illicium parviflorum. OT = outer tepal, IT = inner tepal, CA = 
covered area. A-E, abaxial surfaces of outer and inner tepals. Gland distribution varies from tepal to tepal 
– A, B, glands can occur on the inner and outer tepals; C, glands can cover the entire abaxial surface of 
the tepal; D, glands and stomata are rare on some of the inner tepals (covered tepal) compared to the 
outer tepals (overlying tepal); E, Glands cover the entire surface of the overlying tepal, whereas in the 
covered tepal, glands appear to be absent from its margins, similar to Fig. 13F. The area where glands are 
absent may have been covered by the outer tepal when the flower was in bud (CA?). 
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The outer tepals of Illicium are typically small, green and bract-like, with tepals 
becoming gradually larger and more colourful towards the inside of the flower. In some 
species the innermost tepals are much smaller and occasionally grade morphologically 
into the stamens (Smith 1947; Robertson & Tucker 1979; Endress 2001a). 
Observations on Illicium by M. Frohlich (pers. comm.) suggest that colourful and green 
patches both occur on the abaxial surfaces of the outer tepals, with the green patches 
appearing to occupy the exposed areas of the tepals and the colourful areas occurring 
in the noncovered areas (Fig. 13A–C). My SEM study of open flowers of Illicium 
parviflorum reveals morphological differences across the tepals of Illicium that could 
represent differences between covered and exposed areas of the perianth. However, 
as the specimens of I. parviflorum were fixed open flowers, I could not distinguish 
which areas of the perianth had been covered or exposed. It was also difficult to decide 
which were the outer and inner tepals due to their spiral arrangement. Therefore, any 
reference to tepal position in the following description requires further testing. 
The abaxial surfaces of most of the tepals of I. parviflorum have striated/papillate 
epidermal cells and glandular trichomes (Fig. 13D, E). In the outer tepals epidermal 
cells at the base of the tepals are arranged orderly, becoming less orderly towards the 
tip (Fig. 13F, H). Adaxial surfaces of the outer tepals vary from elongated, slightly 
striated cells at the base through to rounder striate cells at the tip (Fig. 13H, I). Glands 
are also present on the adaxial epidermis. The abaxial surfaces of the inner tepals 
have a similar morphology to the outer tepals except that cells are relatively flat, 
randomly arranged and stomata were not found (Fig. 14B). The adaxial surfaces of the 
inner tepals were not examined. Some of the outer tepals are ciliolate (the very edges 
of the tepal margins have long-stalked trichomes; Fig. 13F) whereas the remaining 
inner tepals are eciliolate (Fig. 14C).
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The distribution of glands on the abaxial epidermis varies between tepals. In some 
tepals glands cover the entire abaxial surface (Fig. 14C, E) whereas in others (usually 
the inner tepals) glands are absent (Fig. 14D). In other tepals (both outer and inner 
tepals) glands are present on the abaxial surface but absent from the margins (Fig. 
13F, 14E). These areas also have relatively flat cells and are transversely thin (also 
noted by Robertson & Tucker 1979) compared with the rest of the tepal. The position of 
these margins may be where the tepal is covered by an outer tepal (Fig. 14E). 
3.2.10.2.2. Schisandraceae
The family Schisandraceae consists of two genera, Schisandra and Kadsura, of ca. 40 
species (Saunders 1998, 2000). These climbing shrubs are found in the tropical and 
temperate forests of eastern Asia (Endress 2001a). Flowers of Kadsura contain 7–24 
tepals and Schisandra has 5–20 tepals arranged in 2–3 series (Smith 1947; Saunders 
1998, 2000). Tepals within a flower of Schisandra are either of similar size or the 
outermost and innermost tepals are smaller. Similarly in Kadsura, tepals from the 
middle perianth series are usually the largest (Smith 1947).
Perianth colour in Schisandra can be red, white, pink, orange, yellow or yellowish-
green (Smith 1947). Developmental studies on Schisandra sphenanthera and S. 
glabrata found that all floral organs, including perianth members, are initiated spirally 
(Lui & Lu 1999; Tucker & Bourland 1994). The flowers are described by Endress 
(2001a) as displaying a gradual transition in size, shape, colour and nature of margin, 
changing from smaller green to larger coloured organs. 
Michael Frohlich and Paula Rudall (pers. comm.) observed that the outer three tepals 
of Schisandra rubriflora are green with red colourful margins (Fig. 15A–C). My SEM 
examination on the two outermost tepals suggest that there could be further 
differences between these regions, as the epidermal cells along the tips and tepal 
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margins are relatively domed compared with the rest of the tepal (Fig. 15D-F). 
However, cell morphology does not vary across the third outer tepal which is also 
green with red margins. 
The abaxial surfaces of the remaining inner tepals are entirely red. Epidermal cell 
morphology is relatively uniform with round, randomly arranged epidermal cells that are 
weakly striated (compared with the outer tepals) and domed (Fig. 15H). The number of 
glands and stomata appear to decrease from the outer to inner tepals. As in many 
Schisandra, the outer tepals of S. rubriflorla are ciliolate with eciliolate inner tepals (Fig. 
15E; Smith 1947).
The adaxial surfaces of all the tepals are weakly striated. Epidermal cells at the base 
and margins of the tepals are slightly elongated and flatter (Fig. 15I) than the remaining 
area of tepal. Cells become rounder near the tip of the tepal and more randomly 
arranged (Fig. 15J). A few stomata and glands were found on this surface near the tip 
of the tepals. 
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Fig. 15. Perianth morphology of Schisandra rubriflora (Schisandraceae). A-C, flower – A, abaxial surfaces 
of the tepals are entirely red; B, C, abaxial surfaces can have sepaloid and petaloid patches; C, closed 
flower buds. D-G, Abaxial surfaces of outer tepals – D, epidermal cells are striate and papillate; E,
epidermal cells at tips of tepals are round and domed. Two outermost tepals, tepal 1 (outermost) and tepal 
2; F, epidermal cells in the middle of the tepals are relatively flat; G, overlying tepal has lifted to reveal the 
covered area of the underlying tepal. There is no variation between the covered and exposed areas of the 
tepal. H, Inner tepal. Cells are domed and weakly striate. I, J, Adaxial surface of tepals. Epidermal cells at 
base of tepals (I) are relatively long and orderly arranged, compared to the round, irregularly arranged 
epidermal cells at the tip of the tepal (J).  
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3.2.11 Many monocots and eudicots also have sepal-like and petal-
like patches on their tepals 
The presence of sepaloid and petaloid patches on the same individual tepal appears to 
be a common characteristic of the ANA-grade angiosperms. To determine if this 
characteristic is found in other angiosperm lineages I surveyed some of the flowering 
plants growing at the Royal Botanic Gardens, Kew. I found that the perianths of many 
other angiosperms also display this feature, including the magnoliids Anemopsis 
californica (Saururaceae) (Fig. 16A–C) and Magnolia acuminata (Magnoiiaceae), 
monocots such as Alstromeria (Alstromeriaceae) (Fig. 16D–G) and Ornithogalum 
umbellatum (Asparagaceae) (Fig. 16H–J) and, the early-divergent eudicot Berberis 
thunbergii (Berberidaceae) and the core eudicot Hypericum (Hypericaceae). In all 
these cases except Ornithogalum umbellatum, the sepaloid areas appear to develop in 
exposed regions of the perianth, whereas the covered areas are petaloid (Fig. 16A–G).  
The co-occurrence of sepaloid and petaloid patches on the same tepal occurs in 
multiple lineages within the angiosperms. When this character is mapped onto a recent 
angiosperm phylogeny, it is reconstructed as ancestral for extant angiosperms (Fig. 
17). However, these are preliminary results and require a much wider range of 
sampling within the basal angiosperms and lower eudicots. 
The eudicots Berberidaceae (Berberis) and Hypericaceae (Hypericum) also display this 
feature, but as the condition of the remaining lineages is not scored in this analysis (i.e. 
[i] sepaloid/petaloid patches both occurring on individual perianth organs or [ii] perianth 
organs entirely sepaloid or/and petaloid) I cannot determine whether these are 
reversals or originate from a common ancestor (i.e. whether they represent an 
apomorphic or plesiomorphic condition). Determination of this would require a more 
detailed survey of perianth morphology in the angiosperms. 
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Fig. 16. Sepal-petal differentiation within the individual perianth organs of other angiosperms. Each set of 
photos show a closed flower bud, followed by the adaxial and then the abaxial surfaces of an open flower. 
A-G, sepaloid patches appear to occur in regions of the perianth which were exposed when the flower was 
in bud – A-C, An inflorescence of Anemopsis californica (Saururaceae) (photos taken by G. Bowe); D-G,
Alstromeria spp. (Alstromeriaceae). Sepaloid areas of the perianth are brown (F) or brown/green (G). H-J,
an unknown species of Ornithogalum (Asparagaceae). In this genus, the petaloid patches are not 
restricted to the covered areas of the perianth.   
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Fig. 17. Sepal-petal differentiation within individual perianth organs mapped onto an existing angiosperm 
phylogeny (from Soltis et al. 2005) using MacClade version 4.06. This characteristic is reconstructed as 
ancestral for the extant angiosperms. Lineages with this character are shown in white and their 
representatives displaying this feature are in brackets. This feature is ambivalent in extant gymnosperms 
(represented by the black line), which lack a perianth.
Sepaloid and petaloid patches both occur on individual tepals 




3.3.1. Most Nymphaeales and other ANA-grade angiosperms 
display morphologically distinct areas within individual tepals
A characteristic of the perianth of Nymphaeales that has not been discussed 
elsewhere, is that all genera except Cabomba possess morphologically distinct areas 
on the surface of individual perianth organs. In Barclaya and Ondinea there are colour 
differences between the base and the apex of the outer tepals (Solcum et al. 1996; 
Schneider 1983). In Euryale and Victoria, spines occur on the exposed areas of the 
outer tepals (Schneider 1976; Solcum et al. 1996) and appear to be a derived feature 
of the Euryale–Victoria lineage (Fig. 10B). 
My observations on Nuphar and Nymphaea (also observed by Conard 1905) and 
reports on Victoria and Euryale (Prance & Arias 1975; van Houtte 1852–1853) show 
that both sepaloid (green) and petaloid (colourful) areas can occur on a single perianth 
organ. In these genera, the sepaloid areas mostly occur in regions of the tepal that 
were exposed when the flower is in bud, while the rest of the tepal, which was covered 
in bud, is petaloid (Fig. 11A, F–H, M). Photos of Amborella in Endress (2001a) and 
Buzgo et al. (2004) and observations on Illicium (Fig. 13A-C) suggest that this 
characteristic is also present in other early-divergent angiosperms but it is unclear 
whether the sepaloid regions in these genera occur on exposed areas of the perianth, 
as in Nuphar, Nymphaea and Euryale. The outer tepals of Schisandra rubriflora also 
have sepaloid and petaloid patches but the colourful areas are not entirely confined to 
the covered regions of the perianth (Figs. 15A-C; 31A-M). Interestingly, experiments 
carried out during this project suggest that environmental factors control differentiation 
within individual tepals of Nuphar and Nymphaea caerulea but exposure may not 
control the development of the sepaloid patches in Schisandra, although this requires 
further testing (see Chapter 4). Restriction of sepaloid patches to exposed areas of the 
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perianth in other basal angiosperms, such as Amborella and Illicium, suggests that 
environmental control of sepalness and petalness could also occur in these 
angiosperms.
Nuphar and Nymphaea also show several structural differences between the green 
and colourful areas of untested buds. In Nymphaea caerulea, the green areas 
(exposed abaxial surfaces of outer tepals and green areas of inner tepals) possess 
non-papillate, flat cells. By contrast, the petaloid areas (adaxial surfaces of outer tepals 
and colourful regions of inner tepals) possess domed, papillate cells (Fig. 11I–L). The 
presence of papillate cells in the colourful areas of Nymphaea caerulea supports their 
classification as petaloid. This feature is a common characteristic of the petals of the 
eudicots, which appears to increase their attractiveness to pollinators (Kay et al. 1981; 
Endress 1994b, 2001a, 2005; Glover & Martin 1998). Papillate cells are apparently 
absent from Nuphar, but there is currently no information on this aspect in the 
remaining Nymphaeales. 
In Nuphar, the abaxial surfaces of the green patches possess many trichomes (both 
short- and long-stalked) and pavement cells are relatively domed, whereas in the 
yellow areas (including the adaxial surfaces of the tepals) the epidermis is relatively flat 
and lacks trichomes (Fig. 11B–E). Similarly, in Ilicium parviflorum, the outer tepals are 
brown and white, with brown areas appearing to occupy exposed areas of the perianth 
(Fig. 13A–C). Under the SEM the abaxial, presumably covered/ petaloid, margins of 
the tepals possess relatively flat cells and trichomes are rare (Figs. 13F; 14E). Some of 
the inner (possibly covered) tepals of Illicium also have flat epidermal cells without 
glands (Fig. 14D) suggesting that this could be the morphology of the covered areas of 
the perianth; however, as the flowers of Illicium examined under the SEM were open 
and already fixed I could not readily determine which areas of the perianth were 
exposed or covered when the flower was in bud. The trichomes may be absent or rare 
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on covered areas of the perianth, but resolving this question would require collecting 
and dissecting closed and open flower buds of Illicium.
My study indicates that long- and short-stalked trichomes are restricted to exposed 
areas of the perianth in Brasenia (also observed by Richardson 1969) and Barclaya
(Fig. 12A, G, H). However, in Brasenia, long-stalked trichomes also develop on the 
adaxial surface of outer tepals (Fig. 12I), presumably a derived (apomorphic) feature, 
because long-stalked trichomes are absent from the adaxial surfaces of most other 
Nymphaeales, including Cabomba, the closest relative of Brasenia (Figs. 10C; 12F). 
Tepals of most Nymphaeaceae are relatively glabrous except on the exposed areas of 
the abaxial surface, though in Cabomba and Nymphaea trichomes occur over the 
entire abaxial surface (Figs. 10C; 11J, L; 12E). Reduced tepal indumentum may be an 
ancestral feature of the Nymphaeales however, it is unclear if this feature was lost in 
the Nymphaeaceae after the lineage split from Barclaya as I could not find any data in 
the literature on the epidermal morphology of the tepals of Ondinea, Euryale, Victoria 
and the remaining Nymphaea subgenera (Anecphya, Castalia, Lotos and Hydrocallis) 
(Fig. 10). 
Epidermal protrusions are not restricted to the flower in Nymphaeales. Trichomes (and
spines in Euryale and Victoria) also occur on vegetative organs including stems, 
peduncles and the abaxial leaf surfaces (Conard 1905; Chen & Zhang 1992; Kaul 
1976; Goleniewska-Furmanowa 1970; Inamdar & Aleykutty 1979; Laser 1978). Since 
hairs and spines are especially common on regions of the plant that are in contact with 
water during early stages of development, such as stems, peducles and abaxial leaf 
surfaces, this could be an aquatic feature. In flowers, trichomes could reduce contact 
between organs in the bud and prevent water from penetrating embryonic tissue (Stahl 
1888; Goebel 1893; Schilling 1894). Alternatively, they could facilitate protection from 
herbivory. 
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The adaptive significance of variation in indumentum and coloration is obscure. The 
development of chlorophyll in exposed perianth areas in Nuphar, Nymphaea and 
Euryale provides no obvious advantage in their aquatic habitat. Furthermore, I have 
observed that in some Nymphaea species (e.g. N. caerulea) the exposed areas 
resemble the abaxial surfaces of their leaves that are green with dark stripes (Figs. 
11H; 27G). Features of exposed tepal areas, including green coloration in Nuphar, 
Euryale and Nymphaea and presence of trichomes in Nuphar, therefore seem to 
resemble features of the abaxial leaf surface. Stomata are a leaf-like attribute that is 
also typical of the sepals of many higher eudicots. During my SEM analysis of 
Schisandra it was observed that the number of stomata and glands on the abaxial 
surfaces decreased from the outer to innermost tepals of the perianth. The tepals of 
Schisandra also become decreasingly green towards the inside of the perianth 
suggesting that stomata and gland frequency could be diagnostic characteristic of 
sepalness in this species. In contrast, stomata frequency does not appear to vary 
between the green and petaloid patches from the tepals of Nuphar and Nymphaea.
That the exposed perianth areas of the waterlilies and the sepaloid patches of 
Schisandra resemble their leaves is a typical attribute of sepals in many core eudicots 
(Eames 1961; Endress 1994) and further supports the interpretation of these areas as 
sepaloid. Future studies should therefore compare the morphology of the perianth 
members and the leaves of these species and collect quantitative data on the 
frequency, distribution and development of stomata and glands to confirm these 
observations.
Fig. 10A seems to indicate that the presence of morphologically distinct sepaloid and 
petaloid areas on individual tepals of Nymphaeales is a plesiomorphic character state 
that was lost in their sister clade Cabombaceae and in Barclaya and Ondinea (for 
which I currently have only dried material available for study). However, this feature is 
rarely mentioned in floral descriptions and could be present in other Nymphaeales. 
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This characteristic could also occur in many other angiosperm lineages (Fig. 17) 
outside the Nymphaeales (including other basal angiosperms) and may have been a 
feature of the perianths of early angiosperms (as discussed later in this chapter).
3.3.2. The waterlily perianth is differentiated but lacks “typical” 
sepals and petals
Character state reconstructions have indicated that Nymphaeales is the only ANA-
grade order to have a differentiated perianth and that this represents a separate 
evolutionary transition from the evolution of distinct sepals and petals found in core 
eudicots, so the two conditions are non-homologous (Zanis et al. 2003; Soltis et al. 
2005). However, these reconstructions were based on the assumption that distinct 
sepals and petals occur in Nymphaeales, which I have shown is not the case. As in 
many other early-divergent angiosperms (Endress 2005), the perianth of Nymphaeales 
shows slight or gradual morphological differences between outer and inner perianth 
members but lacks some typical sepal and petal characteristics (Table 1). For 
example, in most Nymphaea species the outer and inner tepals all receive the same 
number of vascular traces. In Barclaya, the perianth organs all receive three traces, but 
in contrast to the free outer tepals, the inner tepals are basally connate. In Cabomba, 
second-whorl perianth organs show typical petaloid features such as colour, single-
traced, simultaneous initiation and are developmentally retarded in bud (Table 1). 
However, the perianth of Cabomba also displays non-typical features such as coloured 
outer tepals that are single-traced and develop simultaneously. Brasenia also lacks 
developmental or vascular differences between the first and second whorl, though 
trichome abundance decreases acropetally. 
An important character used to interpret the Nymphaeales perianth as differentiated 
into two distinct series is that the outer and inner series have different sequences of 
initiation (Table 1). This contrasts with the perianth of their close relatives Schisandra
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and Illicium, whose tepals are initiated acropetally (Lui & Lu 1999; Tucker & Bourland 
1994; Endress 2001a; Robertson & Tucker 1979). Most authors also describe the floral 
organs of Amborella as forming spirally (Endress & Ingersheim 2000; Endress 2001a; 
Posluszny & Tomlinson 2003). However, Buzgo et al. (2004) found developmental and 
morphological differences between the outer (bracts and tepals) and inner perianth 
series of Amborella. Despite these temporal differences, in both Amborella and 
Nymphaeales there is no clear morphological distinction between the outer and inner 
series, as typically found in the sepals and petals of the higher eudicots (Buzgo et al. 
2004). Instead, flowers show a gradual transition in morphology from the outer floral 
organs to the inner floral organs (Endress 2001a; Buzgo et al. 2004), except in 
Barclaya and Nuphar. Thus, if differentiation does occur between the outer and inner 
perianth series of Nymphaeales and Amborellaceae, it is not homologous to the 
differentiation that occurs between the perianth whorls of the higher eudicots (Buzgo et 
al. 2004; Endress 2001a; Soltis et al. 2005).
The commonly used phrase “gradual transition” of tepal morphology from outer to inner 
tepals allows two contrasting possibilities: (1) that each tepal is uniform and tepal 
morphologies grade from outer to inner, or (2) that each tepal has multiple 
morphologically distinct regions, and the relative proportions of these regions change 
from outer to inner tepals. I have observed that the latter is the usual condition in tepals 
of some Nymphaeales. Assessment of whether a perianth is dimorphic in 
Nymphaeales (and possibly also in Amborella) is complicated by the presence of both 
green (sepaloid) and coloured (petaloid) patches on individual perianth organs (Fig. 
10A). This has seldom been explicitly recognised and could be the source of confusion 
on this topic. In Nymphaea and Nuphar there are morphological differences in the 
epidermis between green and colourful patches. Furthermore, covered petaloid areas 
of Nymphaea have a typical petal epidermis (papillate and striated), whereas exposed 
sepaloid areas have a typical sepal epidermis (flat and non-papillate). Thus, 
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differentiation occurs within individual perianth organs, at least in Nymphaea and 
Nuphar. 
3.3.3. Presence of sepaloid and petaloid areas on individual tepals 
of phylogenetically diverse angiosperms supports the Mosaic theory
Traditional concepts include an unstated assumption that sepalness (having sepal-like 
characters) and petalness (possessing petal-like characters) must be fixed to individual 
whole organs. However, in many Nymphaeaceae (Euryale, Nuphar, Nymphaea and 
Victoria) differentiation occurs within individual perianth organs. These characteristics 
could be an adaptation to the aquatic habit. However, my observations of other taxa 
suggest that this characteristic is not restricted to Nymphaeaceae. For example, the 
ANA-grade angiosperms Schisandra (Schisandraceae) and Illicium (Illiciaceae), the 
magnoliids Anemopsis californica (Saururaceae) and Magnolia acuminata
(Magnoliaceae), some monocots Alstroemeria (Alstromeriaceae) and Ornithogalum 
umbellatum (Hyacinthaceae), the early-divergent eudicot Berberis thunbergii 
(Berberidaceae) and the eurosid eudicot Hypericum (Hypericaceae) all display this 
characteristic (Fig. 13-16). It may also occur in Amborella (Buzgo et al. 2004), the 
putative sister to all other extant angiosperms. 
Differentiation within individual perianth organs in several early-divergent angiosperm 
lineages (Nymphaeaceae, Schisandraceae, Illiciaceae, magnoliids and possibly 
Amborella) and several monocots, reconstructs this characteristic as ancestral in the 
extant angiosperms (Fig. 17). This supports the first step of the Mosaic theory, which 
postulates that in early angiosperms sepalness and petalness was not organ specific 
and could co-occur on individual organs (as discussed in Chapter 6). Therefore, the 
occurrence of differentiation within individual organs of higher eudicots, as observed in 




In this chapter, I reviewed perianth structure in Nymphaeales and other basal 
angiosperms to determine whether the perianths of Nymphaeales are dimorphic. The 
results indicate that although there are differences between the outer and inner 
perianth series of Nymphaeales, the organs display few “typical” sepal-petal 
characteristics. My observations of the perianth of Nuphar, Nymphaea and Euryale 
show that sepaloid (green) and petaloid (yellow) areas can both occur on individual 
perianth organs, and that sepaloid areas occur mostly in the regions of the perianth 
organ that were exposed when the flower was in bud. SEM study has revealed further 
morphological differences between the sepaloid and petaloid areas of Nuphar and 
Nymphaea and also between the exposed and covered regions of the perianth of 
Cabomba, Brasenia and Barclaya. This characteristic of sepaloid and petaloid regions 
on the same perianth organ also occurs in several phylogenetically diverse 
angiosperms, including several basal angiosperms (Amborella, Schisandra, Illicium, 
Anemopsis and Magnolia), monocots (Alstroemeria and Ornithogalum), an early-
divergent eudicot (Berberis) and a rosid eudicot Hypericum (Hypericaceae). This 
suggests that this characteristic could have been present in an ancestral angiosperm. If 
so, this would support the Mosaic theory of sepal-petal differentiation.
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CHAPTER IV
ENVIRONMENTAL CONTROL OF SEPALNESS AND 
PETALNESS IN THE PERIANTH OF NUPHAR AND 
NYMPHAEA
4.1. Introduction
Current concepts regarding the perianth assume that sepalness and petalness can 
only be characteristics of whole organs. However, I have demonstrated that in Nuphar, 
Nymphaea and Schisandra sepaloid and petaloid regions can co-occur on the same 
individual perianth organs (Chapter 3). Furthermore, in Nuphar and Nymphaea the 
position of these areas in the perianth suggests that the sepaloid regions develop in 
areas that were exposed when the flower was in bud while the petaloid regions 
develop in the areas that were covered. 
The location of these sepal-like and petal-like patches on the tepals of Nuphar and
Nymphaea lead me to suspect that the environment factors may determine these 
developmental fates. In Nuphar and Nymphaea light could be responsible for the 
sepal-like patches in the exposed areas of the perianths. Observations on flower buds 
of Nuphar show that areas of the perianth that would normally be green are instead 
yellow if they are covered by natural debris. Most plants require light as a cue to initiate 
chlorophyll synthesis, and presence of chlorophyll is an important sepal characteristic. 
In our study genera, light could control development of chlorophyll synthesis in addition 
to any other morphological sepal-like characteristics. I therefore designed experiments 
primarily to test whether exposure to light initiates sepaloid characteristics in Nuphar, 
Nymphaea and Schisandra. I also carried out a morphological study to document 
differences between the green and colourful regions and to determine whether the 
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boundary between them corresponds to the edge of the area exposed in bud. The 
results of this study suggest that the environmental control of sepalness in Nuphar and
Nymphaea is complex and multifaceted, and although light is an important factor other 
environmental cues are involved such as physical contact with other tepals.  
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4.2 Results  
4.2.1 Terminology 
Different regions of the abaxial tepal surface were distinguished by (a) whether they 
are covered by other tepals or naturally exposed when the flower is in bud, and (b) 
their colour and appearance immediately prior to anthesis. Based on these two criteria, 
several types were identified in Nuphar and Nymphaea caerulea: (1) exposed green 
(EG) patches, (2) covered green (CG) patches, and (3) covered non-green (CNG) 
patches (Fig. 18). In addition to EG, CG and CNG patches, several further regions 
were identified on abaxial tepal surfaces of Nymphaea caerulea: (4) exposed green-
striped (EGS) patches, (5) covered green-striped (CGS) patches, (6) covered purple 
(CP) patches, (7) covered white (CW) patches (Figs. 18J; 27A).
4.2.2 Nuphar lutea – differences between sepaloid and petaloid 
patches within individual tepals of non-experimental buds
In all buds examined, the entire abaxial surface of the outermost tepal (Tepal 1) was 
EG, whereas the inner four tepals (Tepals 2–5[6]) possessed EG, CG and CNG 
patches (Fig. 18J). In mature buds the green (EG and CG) and non-green (CNG) areas 
were morphologically distinct. All buds >0.5cm width had EG patches with glandular 
trichomes, domed epidermal cells and chlorophyll (Fig. 11D; 21D, E; 22B). CG 
patches, found on Tepals 2-5[6], also possessed trichomes and chlorophyll, but 
epidermal cells were slightly less domed (Fig. 18F-J; 23B). In contrast, CNG patches 
lacked glandular hairs and the epidermal cells were relatively flat (Fig. 11B, C; 23B). 
The EG and CG patches had sharp boundaries which appeared to follow the 
impressions left by the perianth organ that covered the tepal when the flower was in 
bud (Fig. 22D; 23B). Transverse sections of Nuphar tepals show that the upper cuticle 
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Fig. 18. A 3cm width flower bud of Nuphar lutea which has slightly opened. See text for description of 
different areas; EG = Exposed green, CG = Covered green and CNG = Covered Non-Green. Note the 
position of the blue-headed pin that shows the orientation of the bud in each photo. A-C, intact bud. D-F, 
bud with one tepal folded back. G-I, bud with two tepals folded back. J, Individual tepals from left to right, 
the outermost (Tepal 1) to the innermost perianth member (Tepal 5).
115
Fig. 19 Nuphar lutea - Tepals from buds at different developmental stages. Tepals numbered 1-5, from 
outermost (left) to the innermost (right). A-C, abaxial surfaces - A, 1cm width bud. Tepals are entirely pale 
yellow; B, 1.5cm width bud. Chlorophyll was beginning to develop; C, a different 1.5cm bud. Amount of 
chlorophyll was greater in EG and CG patches. D, E, 3cm width bud - Abaxial (D) and adaxial (E) 
surfaces. Chlorophyll very dark in the EG and CG areas on the abaxial surface. Scales = 1cm
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Fig. 20. Nuphar lutea - The position, shape and size of the EG, CG and CNG patches varies on each tepal 
according to the arrangement of their overlying tepals. Consequently the number of tepals in the perianth 
is also an important factor. Tepals displayed from outermost to innermost; left to right. A, four perianth 
members. B, C, five perianth members (typical tepal number in a flower buds of N. lutea). E, F, six 
perianth members. Scales = 1cm.
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Fig. 21. Tepals from Nuphar advena and Nuphar lutea. A-F, TS sections of tepals of N. advena – A, tepal 
with an EG and CNG area. Chloroplasts are more abundant in the abaxial mesophyll of the EG area. CGB 
= Covered Green Boundary; B, C, CNG patch. Yellow pigment occurs in the upper (B) and lower 
mesophyll (A); D, E, EG patch. Chloroplasts occur in the upper mesophyll (D) and the abaxial cuticle is 
slightly thicker than in the CNG patch (B); F, stomata form on the abaxial surface of the EG, CG and CNG 
patches. G, floral meristem with pale yellow floral buds and surrounding young leaves.
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was thicker in the EG patches than the CNG areas (Fig. 21B, D). Stomata were 
present in all three areas (Fig. 21F).
Morphological differences arose between the three areas as the flower bud matured. 
Glandular hairs developed from the base to the tip of the tepals until, by ca 0.25cm 
diameter, they covered the entire surfaces of the EG and CG areas (Fig. 22A-C). 
These trichomes were present on the tepals of buds that had not yet been exposed to 
light and were entirely pale yellow (Fig. 19A; 21G, 22A). At around 0.5cm width 
chlorophyll developed from the base to the tip of the EG and CG areas and the number 
of developing glands dramatically decreased (Figs. 19A-D; 24). By around 2cm width, 
only mature glandular hairs were present and the EG and CG patches were entirely 
green. The CNG patch remained yellow green until ca 2cm bud width when it began to 
turn yellow, just before the bud had begun to open (Figs. 18; 19D, E). After the buds 
open, the green patches began to turn yellow from their tips downward until only a 
small patch of green was left at the base of the tepals in open flowers.
In contrast the adaxial tepal surfaces were relatively uniform and entirely pale yellow 
throughout bud development (Fig. 19E). Pavement cells at tepal bases were circular in 
surface view; cells further towards the tip were more irregularly shaped (Fig. 11E). 
Stomata were occasionally and no epidermal protrusions were present. 
4.2.2.1 Gland distribution and development in EG patches
The results of this study suggest that the number of developing glands decreases with 
bud age, particularly between 0.25cm and 0.5cm width buds (Fig. 24). The number of 
mature glands increased with bud width until 0.5cm when trichome number decreased 
possibly as gland development virtually ceases and the tepal surface expands during 
bud growth, spreading the mature trichomes further apart. Developing glands were rare 
in buds larger than 0.5cm width.
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Fig. 22. Trichome development in Nuphar lutea. A-C, trichomes occur in young buds that have not grown 
above the leaf bases and become exposed to light - A, 0.1cm width flower bud. Mature trichomes are 
present at the base of the bud. Developing trichomes (DT) occur further towards the tip of the tepals; B-C,
0.25cm width bud - Glandular trichomes cover the EG patches (B). In this bud, tepal 1 had lifted slightly to 
reveal the sharp boundary of the EG patch and the trichomes developing in the CG patch (C). D, CG patch 
from a 1.5cm width bud. Areas of the CG boundary appear to follow an impression made by the overlying 
tepal (i) when the flower was in bud. 
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Fig. 23. Gland distribution on Tepal 1 (outermost tepal) and Tepal 3 (underlying tepal) from a flower of 
Nuphar lutea. Abaxial surfaces of these tepals are shown in Fig. 19C. Glandular trichomes in EG patches 
were highlighted with red spots; trichomes in CG patches were highlighted with green spots. A, Tepal 1 –
entire tepal was exposed (i.e. EG). Glandular hairs are evenly distributed across the tepal. B, Tepal 3 –
Note the pinholes made around the EG patch during collection (P). Trichomes in CG patches seem to 
correlate with the darker green regions of the covered areas (Fig. 19C). Part of the CG area appears to 

















Fig. 24. Results of study on gland development and distribution on the outermost tepal of seven buds of 
Nuphar lutea. Mean number of glands in an 810 x 570m area. Stage of gland development from just 
appearing (A) to fully mature (D).
4.2.3 Nuphar lutea and N. advena – tepal regions experimentally 
exposed to light develop sepaloid characteristics
In Nuphar only non-covered experimental buds formed sepaloid characteristics in their 
experimentally-exposed areas. In the four half-covered buds that showed a reaction to 
exposure, only the EE area subjected to light turned green, while the covered EE area 
was yellow and/or did not differ from the remaining area of tepal. Twelve of the 26 non-
covered buds developed green patches in their EE areas and differed from their 
surrounding covered area of tepal (Table 2). 
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Table 2. Summary of experimental results on Nuphar
SEM examination on three uncovered buds that had responded to exposure (N3 bud 4, 
NA1 and NA2; Table C1) revealed that the EE areas also had domed pavement cells 
similar to the green areas (EG and CG patches) of untested buds. In contrast, the 
surrounding areas of tepal had flat cells and resembled CNG patches (Fig. 25D, E). In 
bud NA2, the EE area was dark green and closely resembled EG areas of outer tepals 
(Fig. 25; Table C1). In this bud the completely covered tepal underneath the EE tepal 
had a slightly greener region directly below the EE patch (Fig. 25C). The 21 covered 
buds did not develop any macroscopically visible sepal-like characteristics in their EE 
areas nor did EE areas of the three buds examined under SEM (NL/B12, 13 and 14) 
show microscopic sepal-like characters (Table C2). The EE areas in covered buds 
resembled the surrounding CNG area of tepal both in colour and epidermal cell 
morphology, which typically had relatively flat epidermal cells without trichomes. 
Experiments Total number of buds
EE green and visibly differs from covered area
Yes No
Non-covered buds 26 12 14
Covered buds 21 0 21
Half-covered buds 18 4 14
Total 65 16 49
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Fig. 25. Results of experiments on Nuphar advena bud 2. Bud was exposed to light during the experiment. 
A, B, the EE area had turned dark green – A, EE area resembles the EG patches of the perianth; B, bud 
with outer tepal removed. The dark green patch is relatively confined to the EE area. The remaining 
covered area of the tepal is green/yellow. C, the tepal underneath the EE tepal had also developed a 
darker green patch. This area corresponded to the EE area in the overlying tepal (the position of the EE 
patch of the outer tepal is outlined in white). D-F, SEM images of the EE tepal – D, composite of the EE 
area. The boundary of the EE area was marked with pin holes (p) at collection; E, pavement cells in the 
EE are relatively domed compared to the surrounding covered area; F, glands did develop in the EE area 
but were very rare. 
124
4.2.4 Nymphaea caerulea – differences between sepaloid and 
petaloid patches within individual tepals of non-experimental buds
In buds longer than 3.5cm, EGS patches of tepals 1–4 were dark green with dark 
purple irregular stripes or small blotches (Fig. 27A, C). EGS patches bore a striking 
resemblance to the leaf abaxial surface in this species (Fig. 27G). CGS patches were 
present on tepals 2-4. In contrast to many other Nymphaea species and cultivars (Fig. 
11F) the CGS patches from N. caerulea were typically light green and striped rather 
then petaloid (Fig. 27A, C). In young buds the (future) EGS patches were
orange/brown at the base with dark green tips. As the bud matured, chlorophyll 
development spread from the tip downwards, and dark purple stripes developed from 
the base upwards, until they both occurred over the entire EGS patches (Fig. 26; 27A, 
C). 
In buds larger than 3.5cm in length, the remaining tepals (tepals 5–ca 20) had a CP 
patch that covered from half to three-quarters of the length of the tepal, grading into a 
white (CW) area covering the rest of the tepal (Fig. 27A, C). Green (CG and CGS) and 
colourful (CP and CW) regions co-occurred on the larger second-whorl petaloid tepals 
(tepals 5–8). The position and extent to which the covered green area covered these 
tepals varied from bud to bud and even tepal to tepal in the same whorl, but in the 
majority of cases covered the very base and the midrib of the tepal, forming green lines 
on tepals 5, 6 and occasionally on tepals 7 and 8 (Fig. 27A). Dissection of flower buds 
showed that the green lines usually followed the margin of the covering tepal (Fig. 27D, 
E). In some buds the tips of tepal 5 and 6 were exposed; these areas were dark green. 
In a few open flowers, tepal 5 and 6 possessed a large sepaloid patch (Fig. 27F). 
Covered green patches were not present on the innermost petaloid tepals (tepals 9-ca
20).
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Epidermal cells of the petaloid tepals (tepals 5–ca 20) were long, striated and papillate 
(Fig. 28H-J); the purple pigment was spread diffusely within the upper epidermal cells 
and the cells directly below the epidermis, and mesophyll was spongy (Fig. 28G). 
Epidermal cells were relatively shorter in EGS areas than in CP areas; EGS cells were 
non-papillate and did not bulge outward, so cell boundaries were poorly defined in 
surface view, unlike the petaloid tepal where epidermal cells are noticeably domed 
(Fig. 28E, F). In EGS patches chloroplasts were abundant in abaxial epidermal cells 
and upper mesophyll (Fig. 28A, B). The dark purple pigment that forms the stripes was 
present in the vacuole of upper epidermal cells and sometimes in subepidermal cells 
(Fig. 28B-D). There were no obvious morphological differences between CP and CG 
patches from the same tepal although is some tepals epidermal cells of the CG areas 
were slightly flatter than the CP areas.
In contrast, the adaxial surfaces of the outer tepals did not show morphological 
differences corresponding to the EGS and CP patches on their abaxial surfaces (Fig. 
27B). In all twenty buds examined, adaxial surfaces of tepals 1–3 were uniformly white 
and glossy. Tepal 4 resembled tepals 1–3, except the adaxial surface of the CGS 
patch was tinged purple. In tepals 5 onwards the adaxial surface was light purple. 
Adaxial epidermal cells on all tepals were striated, papillate and similar to CP regions 
on the abaxial surface (Fig. 11L). Short-stalked glandular trichomes and stomata were 
present over the entire abaxial and adaxial tepal surfaces (Fig. 28K).
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Fig. 26. Young normal flower buds of Nymphaea caerulea. A, B, tepals from a 0.5cm length bud – Dark 
purple stripes had not developed on tepals 1 to 4 (A). CGS patches of tepals 2 to 4 are pale yellow (B). C-
I, 1cm length bud. Dark purple stripes had developed in the EGS areas. – C, intact bud; D, E, bud with 
outermost tepal removed; F, bud with tepals 1 and 2 removed; G, bud with tepals 1-3 removed; H, bud 
with tepals 1-4 removed; I, individual tepals arranged according to their position in the floral whorl (from 
top left to right; outermost to innermost).
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Fig. 27. Nymphaea caerulea - Tepals from buds at different developmental stages Tepals numbered from 
one onwards, from the outermost (left) to the innermost (right). Not all the small petaloid tepals (tepals 5-
a.20) from each bud are displayed. A, B, tepals from a 2.5cm length bud – A, abaxial surfaces. The CGS 
areas of tepal 4 are light green without stripes. Green patches occur at their base (CG) and along the 
midrib of the petaloid tepals 5-8 (GL); B, the adaxial surface of each tepal is relatively uniform. Surfaces of 
tepals 1 to 3 are white and glossy whereas tepal 4 and onwards are petaloid. C-E, tepals from a 5cm 
length bud – C, abaxial surfaces of the tepals. CGS patches are dark green with stripes, similar to the EGS 
patches; D, E, dissection of buds revealed that the green patches occur on covered areas of the petaloid 
tepals. The green line (GL) on the inner tepal appears to follow the edge of the overlying tepal (E). F, the 
size of the CGS area on the petaloid tepals varied from bud to bud. In many open flowers the patch is very 
large. G, the abaxial surfaces of the leaves of this species are green and with dark purple stripes similar to 
the EGS patches of the perianth. 
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Fig. 28. Morphological differences between the EGS and CP patches on tepals from Nymphaea caerulea. 
A-F, Morphology of the outer EGS tepals – A-C, TS sections. Aerenchyma is present in the EGS tepals 
(A). Chloroplasts occur in the abaxial epidermal cells and upper mesophyll (B-C). The purple pigment that 
forms the purple stripes and blotches, is present in the upper epidermal cells (B) and sometimes in the 
subepidermal cells (C); D, surface view of the upper epidermis of an EGS tepal. E, F, SEM. Cells are 
relatively flat and non-papillate. G-J, morphology of an inner CP tepal – G, TS section. Aerenchyma is not 
present and mesophyll is dense. Chlorophyll is absent; H-J, SEM. Cells are domed and papillate. K,
Glands occur on the abaxial and adaxial surfaces of all tepals.   
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4.2.5 Nymphaea – response of inner tepals to experimental 
exposure varies between species 
4.2.5.1 Many experimental buds of N. caerulea develop sepaloid 
characteristics in experimentally exposed tepal regions
In Nymphaea caerulea both covered and non-covered buds developed sepaloid 
characteristics in their EE areas. Twenty (of 23) non-covered buds, two (of four) half-
covered buds and 15 (of 31) covered buds responded to experimental exposure in EE 
areas (Table 3; Fig. 29; 30A-D). Most non-covered buds developed sepaloid 
characteristics in their EE areas. Most of the covered buds with positive results 
developed stripes in EE areas but on a petaloid (diffuse purple) background (nine out 
of 15 buds). None of the covered buds developed chlorophyll in their EE areas, but 
some young buds (0.4cm –1.5cm) did not develop pigment in EE areas and remained 
pale yellow (six buds) (Fig. 29). Stripes and chlorophyll formed on EE areas only three 
days after exposure (during at least a week of exposure). I found that these 
experimentally induced changes were confined to the EE areas of the experimental 
tepal while the rest of the tepal remained petaloid (Fig. 29E-G; 30B, C).
Table 3. Results of experiments on Nymphaea caerulea
Experiment 
Bud length at 
start of 
experiment 

















Non-covered 0.5 – 0.9cm 0 0 4 1 1
1 - 1.4cm 1 2 4 0 0
1.5 - 2cm 2 3 0 0 0
2.1 – 6cm 0 4 1 0 0
Total 3 9 9 1 1
Covered 0.5 - 0.9cm 6 0 0 4 2
1 - 1.4cm 2 0 0 1 4
1.5 - 2cm 3 0 0 3 0
2.1 – 6cm 5 0 0 1 0
Total 16 0 0 9 6
Half covered 0.5 - 0.9cm 1 0 0 0 0
1 - 1.4cm 1 2 0 0 0
Total 2 2 0 0 0
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Fig. 29. Experimental bud of Nymphaea caerulea that was not exposed to light (covered bud). A-D, most 
of tepal 1 was removed (RS) and the bud was covered in foil. The exposed surfaces of the perianth 
including the EE area were yellow with dark stripes. E-G, the sepaloid characteristics were confined to the 
EE area while the remaining covered area of tepal was petaloid. H, I, abaxial surfaces of the tepals. The 
inner covered tepals were entirely petaloid (I). 
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Fig. 30. Experimental buds of Nymphaea caerulea. A-G, Bud exposed to light (NyCA bud 5) – A, Bud at 
the start of the experiment with an outer tepal removed. EE area is pale yellow; B-D, Bud a week later; B,
EE area was green with dark stripes and resembled the EGS patches of the perianth. C, EE tepals either 
side of a normal petaloid tepal. The sepaloid patch was restricted to the EE area while the rest of the tepal 
was petaloid. E-G, SEM examination of one of the EE tepals. E, The boundary of the EE area was marked 
with pin holes at collection. Patches of the EE area were relatively flat (F) compared to the covered area of 
the same tepal (G). H-J, experimental bud exposed to light with a small piece of foil placed underneath the 
outer tepals and against the inner tepal – H, bud at the start of the experiment. I, J, bud at the end of the 
experiment. Chlorophyll has developed in the EE area of the tepal but is absent from the foil covered 
patch. 
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Ability to develop stripes seems to decrease with bud age. In non-covered buds 
exposure of young buds (0.5–1.4cm) resulted in ten out of 23 buds developing stripes 
in EE areas whereas in older buds (1.5-6cm) only one out of nine buds developed 
stripes (Table 3). The majority of the older buds formed only chlorophyll in EE areas
and only one bud developed both stripes and chlorophyll (Table 3). Similarly, in 
covered buds 11 out of 31 young buds (0.5-1.4cm width) reacted to exposure (i.e. 
developed stripes) compared to only four out of 12 older buds (1.5–6cm). 
Experimentally exposed tepals from NyCA bud 5 (non-covered) and NyCB buds 25, 
35, 36, 40 and 44 (covered-buds) were examined using SEM (Tables C4-6). All except 
bud 40 responded to exposure in their EE area. In bud 5, EE epidermal cells were 
slightly less papillate than in the remaining covered area (Fig. 30E-G). This result also 
occurred in one (of three) EE tepals from buds 36 and 25; the other two tepals showed 
no obvious differences between their EE and unexposed tepal areas. Epidermal cells 
in both EE tepals from bud 50 were relatively less papillate and striate in their EE area. 
Buds 40 and 44 had no obvious differences between EE and covered areas. 
4.2.5.2 In N. nouchali, experimentally exposed tepal areas rarely become 
sepaloid 
Some buds of N. nouchali responded to experimental exposure, but most did not. Four 
(of 15) non-covered buds and two (of eight) half-covered buds developed green 
patches (without stripes) only in their EE area (Table 4). All six covered buds showed 
no response to exposure. 
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Table 4. Results of experiments on Nymphaea nouchali
Experiments Total number of buds
EE area green and visibly varies from covered area
Yes No
Non-covered 
buds 15 4 11
Covered buds 6 0 6
Half-covered buds 8 2 6
Total 29 6 23
4.2.5.3 In Nymphaea cultivars experimentally exposed tepal areas rarely 
turn green when exposed
The tepals of Nymphaea cultivars, Nymphaea L. “Ronda Kay” and Nymphaea L. 
“Midnight” also showed a low response to exposure. Only one non-covered bud of 
Nymphaea L. “Ronda Kay” showed a reaction to exposure in their EE area (Table 5). 
Furthermore only one of the two EE areas on this bud developed a sepaloid patch 
whereas the other remained petaloid. 
Table 5. Results of experiments on Nymphaea L. “Ronda Kay”
Experiments Total number of buds
EE area green and visibly differs from covered area
Yes No
Non-covered buds 15 1 14
Covered buds 2 0 2
Half-covered buds 3 0 3
Total 20 1 19
In Nymphaea L. “Midnight” two buds developed a sepaloid patch in their EE areas that 
were exposed to light (Table 6; Table C10, Table C12). 
Table 6. Results of experiments on Nymphaea L. “Midnight”
Experiments Total number of buds
EE area green and visibly differs from covered area
Yes No
Non-covered buds 18 1 17
Covered buds 3 0 3
Half-covered buds 3 1 2
Total 24 2 22
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4.2.6 Schisandra – colourful and green patches do co-occur on the 
tepals of this genus  
In very young buds of Schisandra rubriflora the tepals were all entirely green. In more 
mature buds, the edges of the outer and inner tepals had turned red while the rest of 
the tepal remained green (Fig. 31A-E). These petaloid edges occurred around the 
entire tepal, in the exposed and covered areas (Fig. 31E). At around 0.3cm width, the 
rest of the tepal had begun to turn red beginning in the covered areas of the perianth 
i.e. all adaxial surfaces, the abaxial surfaces of the inner covered tepals and the 
abaxial areas of the tepals that are underneath overlying tepals (Fig. 31F-L). The 
exposed green areas of the tepals were the last to turn red. At this stage of bud 
development the exposed patches were green and the covered regions were petaloid 
(Fig. 31M, N), similar to Nuphar. Schisandra spenanthera also showed these 
developmental steps except that the tepals are eventually orange with red edges.  
4.2.7 In Schisandra, sepaloid patches rarely develop in EE tepals 
Two buds of Schisandra reacted to exposure: bud 9 of S. sphenanthera and bud 10 of 
S. rubriflora (Table 7; Table C13; C14). Bud 9 was exposed to light and at the end of 
the experiment the EE area was darker green then the covered area of that tepal. Bud 
10 was not exposed to light and one of the two EE areas was partially green while the 
rest of the tepal was red (Fig. 31O), the other EE area was entirely red. The remaining 
buds exhibited no visible response to exposure in their EE areas.  
Table 7. Summary of experimental results on Schisandra sphenanthera and S. rubriflora
Experiments Total number of buds
Visible differences between the EE and covered 
regions at the end of the experiment 
Yes No 
Non-covered buds 18 1 17
Covered buds 10 1 9
Total 28 2 26
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Fig. 31. Experimental and non-experimental buds of Schisandra rubriflora. A-N, flower buds. P = pinholes 
around the exposed areas, marked during collection – A-E, 0.7cm width bud at different orientations; A-D, 
Intact bud. Top (A) and sides of intact bud (B-D). Tepals are green with red margins; D, Outermost tepal 
facing outwards; E, Outermost tepal removed. Petaloid margins occur in covered and exposed areas of 
the perianth. F-N, 1cm width bud; F-H, top (F) and sides of intact bud (G, H). Outer tepals are green with 
faint red margins; I-L, bud with one (I-K) or two (L) of the outermost tepals removed. Most of the petaloid 
patch was restricted to the area covered by the overlying tepal/s; M, N, individual tepals arranged from 
outermost (left) to the innermost (right). The three outer tepals are green and petaloid. The three covered 
inner tepals are entirely petaloid. In tepal 3 the sepaloid patch appears to be confined to the exposed 
regions of the perianth (EG) whereas the covered area is red (CR) i.e. the boundary of the sepaloid patch 
follows the pinholes marked around the exposed areas at collection (N). O, covered experimental bud 
(SchR bud 10). Experimentally exposed area (EE) had partially turned green. 
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4.2.8 Light, species and EE number were identified as explanatory 
variables of interest 
A statistical analysis was performed on the experimental results of Nuphar, Nymphaea
and Schisandra to determine which experimental variables (i.e. site, duration of 
experiment, bud size, species, EE number and test [light-exposed or covered]) may 
have influenced the positive responses to exposure (i.e. the response variable). Full 
details of the statistical analysis can be found in Appendix D. The results found that 
site, duration and bud size did not affect the number of buds that responded to 
exposure. Exposure to light was a statistically important variable that increased the 
buds’ response to exposure (z=5.08, p<0.001; Table 8). The species selected also 
performed differently, with Nuphar advena and Nymphaea caerulea showing a stronger 
response than any of the other species (Table 8). The first EE area also showed a 
stronger response than the second EE area (z=2.246, p=0.025). 
Table 8. Summary statistical model identifying important explanatory variables
Variable Estimate standard Error Z value Pr(>lzl)
N. advena in dark 0.6204 1.1096 0.559 0.576047
Light yes 2.0831 0.4096 5.086 3.66e-07
Species N. lutea -2.8198 1.0398 -2.712 0.006692
Species N. caerulea -0.3327 1.0225 -0.325 0.744909
Species N. x “Midnight” -4.2917 1.2408 -3.459 0.000543
Species N. nouchali -3.0555 1.0833 -2.821 0.004793
Species N. x “Ronda” -4.8611 1.4303 -3.399 0.000677
Species S. rubriflora -4.0405 1.4496 -2.787 0.005313
Species S. sphenanthera -4.3046 1.4357 -2.998 0.002715
No. of EE areas -0.8658 0.3855 -2.246 0.024705
137
Fig. 32. Experimental results from all study species. Non-cov = light-exposed buds, Cov = not light-exposed buds and Half-cov = in each bud one EE area was light-exposed 


































4.3.1 Morphological differences between green and non-green 
areas 
Results from this study contradict the usual assumption that sepalness and petalness 
are attributes of whole organs. I have demonstrated that in Nuphar lutea, N. advena 
and Nymphaea caerulea, sepal–petal differentiation can occur within the same organ, 
creating distinct sepaloid and petaloid regions within individual perianth members. 
Their distinction as “sepaloid” and “petaloid” patches is supported by numerous 
morphological differences, some of which are typical petal or sepal characteristics, 
such as colour (green sepals versus colourful petals) and epidermal cell patterning 
(papillate petal cells versus flat sepal cells). In Nuphar, the abaxial surfaces of the 
green (EG and CG) patches differ from the non-green (CNG) patches. Specifically, 
domed pavement cells with trichomes occur in green regions, and relatively flat 
pavement cells without trichomes in non-green regions (Figs. 11C, D; 23B). These 
differences were present in all buds over 0.25cm width, including early buds in which 
the tepals were still pale yellow (Figs. 21G; 22B, C), demonstrating that morphological 
differences between the green and non-green patches develop prior to any colour 
differences. In contrast, adaxial tepal surfaces are entirely pale yellow throughout 
development and resemble abaxial non-green areas (Fig. 11E). 
The results were less clear in Nymphaea caerulea than in Nuphar species. N. caerulea 
lacks micromorphological differences between green and colourful regions on the
same covered tepal, but there are many differences between green areas of the 
outermost tepals and colourful areas of the inner tepals (Figs. 26-28). Furthermore, in 
N. caerulea, CP patches have typical petal attributes (papillate pavement cells and 
diffuse colourful pigmentation) while EGS patches have typical sepal attributes (flat 
pavement cells and chloroplasts) (Fig. 28). The differences between EGS patches of 
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first-whorl organs and CP patches of second-whorl organs could indicate that these are 
different organ types (i.e. sepals and petals). However, my experimental results show 
that EGS-like patches can be induced on inner tepals, indicating that EGS/sepaloid 
patch identity is not organ-specific, as in most eudicots, as it can occur on both inner 
and outer tepals. 
4.3.2 Complex environmental control of development of sepaloid 
areas in Nuphar and Nymphaea
Many organisms use environmental cues to trigger developmental processes. Such 
environmentally controlled plasticity is particularly important in sessile organisms such 
as plants (Bradshaw 1965). Use of environmental cues such as light, temperature and 
nutrient availability to trigger morphological or physiological changes means that plants 
can predict future favourable conditions for the next developmental stage (e.g. seed 
germination, flowering) and/ or adopt a phenotype that maximises their fitness under 
the prevailing environmental conditions (e.g. shade-avoidance syndrome, 
morphological differences between sun and shade leaves), that also enables them to 
colonise new environments (e.g. Nobel et al. 1975; Chabot & Chabot 1997; Smith 
1982; Clough et al. 1983; Casal & Smith 1989; Schmitt & Wulff 1993; Dudley & Schmitt 
1995; Weinig 2000). Therefore, phenotypic or developmental plasticity is thought to be 
an advantageous trait as long as the maintenance of plasticity is not costly e.g. in 
constant, unchanging environments (Dorn et al. 2000; Price et al. 2002). 
In order for a phenotypic plastic response to occur, the environmental cue has to be 
perceived and the resulting signal transmitted into a response e.g. production of a 
protein, hormone etc. Cues from the internal and external environment of a cell/ 
organism control development by affecting the translation of genetic information at 
various hierarchical levels resulting in the up- or down-regulation of specific genes at 
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particular developmental stages (Fig. 33). Phenotypic or developmental plasticity in 
response to a specific environmental cue is thought to be adaptive because it requires 
evolution and preservation of genetic “sensory” mechanisms and the pathways that 
relay the signal, all of which are under natural selection (Sultan 1987, 1995; Schlichting 
& Pigliucci 1993; reviewed in Dorn et al. 2000). 
In plants, the best-documented environmental signal is light. Light is used to initiate a 
suite of changes through a plant’s life including seed germination, de-etiolation, 
cotyledon expansion, chlorophyll synthesis, suppression of hypocotyl elongation, 
flowering and the shade avoidance syndrome (stem elongation, suppression of 
branching) (recent reviews on photomorphogenesis research include Kendrick & 
Kronenberg 1994; Chory et al. 1996; Ballaré et al. 1997; Briggs & Christie 2002; 
Spalding & Folta 2005; Bechtold et al. 2005; Roberts & Paul 2006; Lee et al. 2008; 
King et al. 2008). These developmental changes often depend on the colour, intensity, 
direction or the photoperiod of the light source. A variety of photoreceptors gather this 
information from the light and use it to control genes ultimately involved in 
photomorphogenesis at the transcriptional or post-transcriptional level. Expression of 
over one third of all genes in Arabidopsis is influenced by light signals (Nagatani et al. 
1993; Huq et al. 2000; Ma et al. 2001; Tepperman et al. 2001; reviewed by Quail, 
2007).
The experimental results from Nuphar and Nymphaea caerulea show a strong 
correlation between development of green, sepaloid regions and exposure. This link is 
supported by two factors. (1) There are strong similarities between sepal-like 
experimentally-exposed areas in experimental buds, and sepaloid patches from non-
experimental buds in both Nuphar and Nymphaea caerulea. (2) In the majority of 
experimental buds that displayed visible changes in their EE areas, the induced 
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sepaloid patch was restricted to the experimentally-exposed area of the tepal while the 
rest of the tepal was normal/petaloid (Figs. 25, 29, 30). 
Fig. 33 Model of the environmental control of phenotypic plascticity (Schlitchting & Smith 2002). 
Environmental signals can control gene expression at different hierarchical levels enabling phenotypic or 
developmental plasticity. Transcriptome is all the genetic sequences in a cell that have been transcribed 
but not translated and the Proteome consists of the translation products that can be used for cellular 
metabolism and signalling.
The majority of experimental buds that responded to exposure in their EE areas were 
exposed to light suggesting that it is an important environmental factor in sepal-petal 
differentiation in the studied species. This was corroborated by the statistical analysis 
that identified light as an important explanatory variable that influences the response of 
the buds to exposure (z=5.08, p<0.001; Table 8). In Nuphar, only experimental buds 
that were exposed to light (non-covered buds and the light-exposed hole in half 
covered buds) formed sepaloid characteristics in their experimentally-exposed areas 
(16 out of 65 buds; Table 2). These buds formed chlorophyll in their EE area and those 














green areas (EG and CG patches) of untested buds. In contrast, the areas of tepal 
surrounding the light-exposed EE areas had flat cells and resembled the CNG patches 
(Fig. 25D-F). The EE areas from buds not exposed to light (covered buds) did not 
develop chlorophyll (Table 2) and there was no difference in colour or epidermal cell 
morphology between the EE area and the surrounding CNG area of tepal, which had 
relatively flat epidermal cells without trichomes. These results support the hypothesis 
that light controls differentiation of sepal- and petal-like regions in the perianth of 
Nuphar. However, the lack of morphological changes in the EE areas of covered buds 
could be due to bud age or the durations of the experiments, at least in those viewed 
under the SEM (see section 4.3.2.1). The failure of many buds to respond to exposure 
could also be due to their differing circumstances in the field; buds that became 
covered by floating leaves or that were oriented on their sides would have received 
much less light than those held erect without leaves above them. Weather conditions –
whether cloudy or sunny – during the experimental interval could also have influenced 
the outcome.
In N. caerulea, both covered and non-covered experimental buds developed sepal-like 
features in their experimentally-exposed areas, demonstrating that light is not required 
for the development of all sepaloid characteristics in this species (Table 3). 
Experimentally-exposed areas of many tepals from covered and non-covered buds 
were morphologically similar to EGS patches of non-experimental buds except covered 
regions were not green (Figs. 29; 30A-G). Almost half of the experimental buds (26 of 
54 covered and non-covered buds) formed stripes in their experimentally-exposed (EE) 
areas; their pavement cells were relatively flat compared with the rest of the tepal and 
less papillate, making them similar to EGS patches in non-experimental buds (Fig. 
30E-G). As in Nuphar, these sepal-like areas were generally confined to the 
experimentally-exposed region, while the remaining covered area of tepal showed 
characteristics of CP regions from untested buds.
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The presence of covered green patches in non-experimental buds of Nuphar and 
Nymphaea caerulea, and the experimental results from N. caerulea both imply that 
sepaloid characteristics can develop in the absence of light. Many N. caerulea 
experimental buds that were not subjected to light developed sepaloid characteristics
(stripes) in their experimentally-exposed areas (Fig. 29). Similarly, trichomes formed in 
CG and EG regions of Nuphar buds that had not yet been exposed to light (Fig. 22A-
C). Nevertheless, light clearly plays a critical role in perianth organ differentiation in 
Nuphar lutea and in N. caerulea. Presence of chlorophyll is a typical sepal 
characteristic; synthesis of this pigment in all plant organs is stimulated by light. 
Consequently, untested buds of N. lutea and N. caerulea formed chlorophyll only after 
exposure to light (Figs. 19A-E; 21G). In both species, chlorophyll was absent from 
experimentally-exposed areas of all covered buds, which in many cases also showed 
signs of etiolation (Fig. 29). In untested buds, chlorophyll also developed in regions of 
the perianth that were covered when the flower was in bud (CG patches and CGS 
patches). CG patches of Nuphar and CGS patches of N. caerulea are only covered by 
a single tepal layer (Figs. 18E-J; 27D, E). Since light is required for chlorophyll 
formation, it is possible that CG patches represent areas where incident light was 
especially strong or the overlying tepal is relatively thin, so that sufficient light passed 
through it to the tepal beneath. The result from bud 2 of Nuphar advena supports this 
explanation, as the area of tepal directly below the experimentally exposed (EE) area 
also turned green (Fig. 25C). If this is the case, then in N. caerulea light must be able 
to pass through the (thinner) edges of the two covering tepals to form the CG areas of 
tepals 5 and 6. 
In N. caerulea, light also seems to affect tepal response to other environmental factors. 
Experimental results show that the percentage of buds that developed stripes in their 
experimentally-exposed areas (as stripes can develop in both covered and non-
covered buds) was greater in buds exposed to light (87%) than in buds not exposed to 
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light (48%) (Table 3). Light appears to be an important stimulus in N. caerulea, perhaps 
even increasing the responsiveness of the tepal to other environmental factors that are 
involved in the initiation of sepaloid characteristics. 
Some sepaloid characteristics, stripes in N. caerulea and domed pavement cells and 
trichomes in N. lutea, do not appear to require exposure to light in order to form. 
However, in the experimental buds from both species, the induced sepaloid patches 
were restricted to the experimentally-exposed areas, while the rest of the (covered) 
area of tepal was petaloid (Figs. 25, 29, 30). This suggests that there are probably 
environmental factors in addition to light that control development of sepaloid areas. 
One additional environmental cue is the absence of physical contact with another tepal. 
In both species, CG patches have well-defined boundaries, parts of which tend to 
follow impressions made by the overlying tepal (Figs. 22D, 23B). The CG and EG 
regions could therefore be areas in which contact with the covering layer is absent or 
reduced. Whether this is mediated by the mechanical attribute of contact, or by some 
other signal that moves from one tepal to the other is unknown. Attempts to mimic 
contact by placing gold leaf or other materials between tepals were unsuccessful; once 
the tepal was moved it would not press against the inner parts of the bud. 
In N. caerulea there also seems to be a seasonal aspect to control of perianth 
differentiation. Experiments on N. caerulea were carried out throughout the year 
because the specimens were greenhouse-grown and flowered for most of the year. 
Interestingly, experiments carried out in the mid- to late-autumn rarely formed sepaloid 
characteristics in their experimentally-exposed area compared with tests during spring 
and summer. This suggests that sepalness could also be inhibited by a seasonal 
environmental variant such as low temperature, low light intensity and/or shorter day 
length. Light intensity could also be important in Nuphar, in which experiments showed 
more positive response to exposure from plants grown in the relatively clear ponds at 
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Kew than the muddy ponds at Battle. Light intensity could therefore have affected the 
results. Investigation of seasonal control, particularly light intensity, will require further 
study using artificial light to simulate different day lengths and light intensities, along 
with filters to determine action spectra (e.g, red, far-red, blue or even UV) for the 
various elements of sepalness.
4.3.2.1 Bud age may be an important factor in their response to 
environmental signals
In both N. caerulea and N. lutea, it was observed that tests commencing on young 
buds were more likely to form sepaloid characteristics in their experimentally-exposed 
areas than older buds. In N. caerulea the majority of buds that responded to exposure 
were 0.5 to 1.4cm in length when experiments began (23 out of 35 covered and non-
covered buds that reacted to exposure; Table 3). In Nuphar, young experimental buds 
also developed more sepaloid characteristics than older buds. Experiments on N. 
advena bud 2 began when the bud was about 1cm in width (Fig. 25). At the end of the 
test, the experimentally-exposed (EE) area was very similar to the EG patches and 
interestingly was the only EE area examined under the SEM to have produced 
trichomes, though these were rare (Fig. 25F). Investigation of glandular trichome 
development on tepals of Nuphar revealed that the number of developing glands in the 
sepaloid areas decreases when the bud reaches around 0.25cm in width (Fig. 24). 
Experiments on buds examined under the SEM commenced when the buds were 
slightly larger than 1cm and developing trichomes are rare. In order to produce 
trichomes in the experimentally-exposed areas the experiments may have to begin on 
younger buds, when glandular trichomes are still forming, which were not accessible 
for these studies. 
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Examination of young buds of Nuphar that were naturally covered by surrounding leaf 
bases (Fig. 21G) demonstrated that light is not required for formation of trichomes and 
domed pavement cells (Fig. 22A-C). However, these characteristics were absent in the 
EE areas of the three covered buds of Nuphar that were viewed under the SEM, and 
there were no obvious morphological differences between their EE areas and their 
surrounding CNG area. The absence of these sepal-like characteristics in the EE areas 
of these buds could be because the buds were at relatively late stages of development 
when the tests began or/and the duration of the experiments was much shorter 
compared to the non-covered buds examined under the SEM (Tables C1; C2). This 
was because buds rarely survived experiments if they were covered at early stages of 
development or were covered for an extended amount of time. As bud age does affect 
the development of sepal-like characteristics in Nymphaeaceae, this would explain the 
lack of trichomes or domed cells in the EE areas of covered buds. Further experiments 
are needed to test this hypothesis, such as covering only the EE areas of the buds to 
help prevent the bud from dying before the end of the experiments. 
It was interesting to note that buds with one EE area showed a higher response to 
exposure than buds with two EE areas (Appendix D3; Table 8). The former test was 
typically carried out on buds at relatively early stages of development (either they were 
too small to make two EE areas or in young Nymphaea buds I removed the entire 
outermost tepal to make a single EE area). Therefore, this result could support my 
observation that young buds are more likely to respond to exposure than older buds. 
However, statistical support for bud size/ age as an important explanatory variable was 
not significant. Subsequent analysis suggests that this lack of support was due to few 
replicates at each bud size. Future experiments should include larger numbers of buds 
at various stages of bud development.
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Developmental stage is a major facet of an organism's response to developmental 
cues, however it remains unclear why certain stages are more responsive to 
environmental cues than others (Larsen 2003). Examination of untested buds found 
that differences between sepaloid and petaloid regions of the perianth increase with 
bud age. Until rather late in development, perianth organ identity, i.e. sepaloid versus 
petaloid, is not yet fixed as their features are still forming; consequently organ identity 
is still plastic and responsive to environmental signals. This would mean that perianth 
organ identity in Nuphar and Nymphaea caerulea is determined relatively late 
compared with that of eudicots. 
Most studies of developmental genetics in angiosperms have focused on the earliest 
stages of flower development, corresponding to the stages of Arabidopsis and 
Antirrhinum when the developmental fates of the sepals and petals are specified in 
wild-type plants. In these species, B-class genes (AP3 and PI and their corresponding 
homologs) are expressed before the primordia appear (floral developmental stage 3) in 
the regions of the floral meristem that will give rise to whorls two and three, with a small 
amount of PI expression in whorl 4 and of AP3 expression in whorl 1. By stage 4, their 
expression becomes restricted to whorls two and three. From that stage, B-class genes 
are continuously expressed in every cell of the petal throughout floral development to 
preserve organ identity (Goto & Meyerowitz 1994; Zachgo et al. 1995; Jenik & Irish 
2001). Outside of these model organisms, B-class expression is much more spatially 
and temporally variable, suggesting that in many basal eudicots and basal 
angiosperms AP3 and PI do not have to be continuously expressed in petaloid organs 
in order to maintain their identity (Kramer et al. 1998, 2003, 2007; Kramer & Irish 1999, 
2000; Kanno et al. 2007). For example, in the sepals of Aquilegia vulgaris, B-class 
genes are expressed only at late stages of development, probably when the initially 
green sepals become petaloid (Kramer et al. 2007). Furthermore, downregulation of PI
in this species resulted in flowers with deformed petals, stamens and staminodes but 
148
development of the petaloid sepals was not affected. This result suggests that B-class 
genes do not control the early development of the petaloid sepals and only function at 
late stages of development to confer petaloidy. The results of my study demonstrate 
that in Nuphar and Nymphaea developmental fate can be reversed late in flower 
development solely by environmental cues, and supports other studies, such as 
Kramer et al. (2007) that underline the need to study late as well as early stages of 
flower development to understand organ specification.
4.3.2.2 Environmental influence in sepal-petal differentiation may be cell-
autonomous in Nuphar and Nymphaea caerulea
Perianth organs that possess both sepaloid and petaloid patches on a single perianth 
organ occur naturally in several species. Such floral organs can also be generated 
experimentally by manipulating exposure, as I have shown. Genetic manipulation can 
also result in both sepaloid and petaloid features appearing on the same perianth 
organ, for example in weak B-class mutants, though commonly the different regions 
are not delimited by sharp boundaries (Yi and Jack 1998). 
The results from the current study suggest that in Nuphar and Nymphaea, the 
environment controls perianth cell fate autonomously; i.e. a tepal cell that is exposed to 
light (and/or experiences loss or reduction in contact with overlying tepals) becomes 
sepaloid, whereas a cell that is not exposed becomes petaloid. Genetic research using 
mutant mosaic organs (i.e. organs composed of both wild-type and mutant sectors/ 
cells) also suggests that perianth tissue identity is specified autonomously. In some 
suppressed or ectopically expressed AP3 and PI mutant lines of Arabidopsis, mosaic 
organs are formed in whorls one and two, in which the individual organs have both 
sepaloid and petaloid patches (Bowman et al. 1989; Krizek & Meyerowitz 1996; Jenik 
& Irish 2001; Ng & Yanofsky 2001; Nakamura et al. 2005). In many cases, the sepaloid 
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tissue is confined to the middle of the perianth organs while the petaloid tissue 
surrounds the margins. In the epidermis and mesophyll layers, only the cells 
expressing B-class genes display petaloid characteristics (i.e. they are colourful, lack 
chloroplasts and have petal-like cell structure), whereas mutant B-class cells display 
sepaloid characteristics (i.e. they are green, contain chloroplasts and have sepal-like 
cell characteristics). Furthermore, there is no restoration of B-class function in cells 
from neighbouring wild-type tissues. Thus the genotype and phenotype co-occur in the 
same cells, suggesting that B-class genes act autonomously to control cell identity 
(Perbal et al. 1996; Jenik & Irish 2001).  
However, B-class genes can also function non-autonomously. Mosaic analyses in 
Arabidopsis and Antirrhinum (Perbal et al. 1996; Jenik & Irish 2001) using periclinal 
chimeras (organs in which the genotype of one meristematic cell layer has been 
altered) found that petal organ shape is controlled by the epidermal layer (the L1 
meristematic layer). If the L1 layer is wild-type then the organ is petal-shaped, but if the 
L1 layer is a B-class mutant it is sepal-shaped. The mesophyll layer (L2) also 
influences the size of the petal but both layers (L1 and L2) have to be wild-type in order 
for a full-sized petal to develop. This suggests that B-class genes act non-
autonomously between the cell layers to control petal shape and size. The signal used 
to control non-autonomous effects is unclear. Perbal et al. (1996) detected 
translocation of GLO and DEF proteins from the inner cell layers into the mutant 
epidermal layer of the petals of Antirrhinum. However, Jenik and Irish (2001) observed 
no trafficking of AP3 or PI proteins between the wild-type and mutant layers in 
periclinal chimeric petals of Arabidopsis; and proposed that downstream genes act in a 
non-autonomous fashion to specify petal size and shape.
Thus, analysis of mosaic organs from AP3 and PI mutants of Arabidopsis, Antirrhinum
and also Nicotiana suggest that in the petals B-class genes act non-autonomously to 
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control organ size and shape and autonomously to control cell identity (Marcotrigiano 
1986; Sommer et al. 1990; Kaddoura & Mantell 1991; Trobner et al. 1992; Perbal et al. 
1996; Jenik & Irish 2001). In Nuphar and Nymphaea, environmental control of cell 
identity also appears to be specified autonomously. This is supported by the clear 
boundaries between the green and covered non-green morphologies and also in 
experimental buds the induced sepaloid patches are generally confined to 
experimentally-exposed areas. It could be argued that the covered sepaloid patches in 
these species are due to the non-autonomous spread of sepaloid cell identity from 
light-exposed sepaloid patches, as these areas are always adjoining each other. 
However, in both species, the covered sepaloid patches are generally confined to 
specific regions of the tepal and have well-defined borders. Therefore, if the 
environment does have a non-autonomous effect, then the spread of sepaloid cell 
identity is short-range or there must be other factors that constrict it to specific areas. 
Future studies should test whether the environmental control of cell identity in these 
species is autonomous using RNA in-situ hybridisation and immunolocalisation studies 
to investigate AP3 and PI expression and AP3 and PI protein distribution in the tepals 
of unmodified and experimental buds. 
4.3.2.3 Nymphaea nouchali and Schisandra buds rarely developed 
sepaloid areas in response to exposure 
The statistical analysis corroborated my observation that the different species used in 
this study showed variable levels of response, with more experimental buds of 
Nymphaea caerulea and Nuphar advena reacting to exposure (Appendix D1; Fig. 32). 
However, this may require further study to confirm as experiments were only performed 
on six buds of N. advena. 
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In contrast to N. caerulea, N. nouchali showed a low response to experimental 
manipulation. Only six of the 29 experimental buds developed sepaloid features in their 
experimentally-exposed areas, of which all six had been exposed to light (Table 4). 
In Schisandra green and colourful patches both occur on the outer three tepals but it is
unclear if the environment controls their positions in the perianth. In untested flower 
buds of S. rubriflora petaloid (red) regions occur mostly in the covered areas of the 
perianth (Fig. 31M, N) however, the petaloid margins of the two outermost tepals 
surrounds the entire tepal and forms in the exposed and covered areas (Fig. 31A-E). 
During the experiments on Schisandra only two of the 28 buds developed green 
patches in their experimentally-exposed area (Table 7; Fig. 31O). One of these buds 
was not covered, so perhaps in Schisandra green areas develop in response to an 
environmental factor other than light.
There are two possible reasons for this low response to exposure in both species. (1) 
There is reduced or no environmental control of sepal–petal differentiation in these 
species. In Nymphaea this is supported by the experiments on the cultivars Nymphaea
L. “Ronda Kay” and “Midnight” that also showed low response to exposure (Section 
4.2.5.3). This environmental plasticity could therefore have been lost or reduced in the 
N. nouchali lineage. The study of untested buds of Schisandra found that petaloid 
regions of the tepals are not restricted to the covered areas of the perianth of young 
buds however a few buds did show a response to environmental exposure during the 
experiments. This suggests that the environment may partially control sepalness in 
Schisandra. (2) The results from N. lutea and N. caerulea demonstrate that the 
experimentally-exposed areas are more likely to develop sepaloid characteristics if 
exposed at a very early stage of bud development. Schisandra buds are difficult to 
manipulate at early stages, as buds are very small – often only 1–2mm wide at 
maturity. As a consequence, the majority of buds that survived the experiments were at 
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relatively late stages of development. Similarly, most of the experiments on N. nouchali
were carried out on older buds because this specimen was growing in a deep pond of 
a public greenhouse and it was difficult to reach young buds. Furthermore the N. 
nouchali plant may also have had reduced or different light exposure compared to the 
N. caerulea buds grown in a propagation house. In addition, the statistical results found 
that the data from N. nouchali, Nymphaea L. “Ronda Kay” and S. sphenanthera had
insufficient replicates for analysis (Appendix D5). Observations on untested buds of 
these species indicate that sepal–petal differentiation does occur within individual 
tepals. Therefore to determine whether the environment controls this type of 
differentiation requires further study. 
4.3.3 Environmental control of sepal-petal differentiation and genetic 
assimilation
Genetic assimilation (the Baldwin effect) proposes that selection can act directionally to 
change an environmentally induced characteristic into a fixed response that is 
expressed under varying environmental conditions (Waddington 1942, 1953; Baldwin 
1896). Genetic assimilation is a case of the more general theory of genetic 
accommodation (West Eberhard 2003) which hypothesises that both environmental or 
genetic information can trigger evolution of a novel phenotype that can become either 
environmentally insensitive (as in genetic assimilation) or environmentally sensitive. 
According to West-Eberhard (2003), genetic accommodation occurs in three steps: (1) 
a genetic mutation or environmental change initiates evolution of a novel, heritable 
phenotypic variation. (2) In the beginning, the novel phenotype is rare but begins to 
spread, creating a separate subpopulation with the novel trait. In the case where the 
trigger is environmental the phenotype spreads due to the consistent recurrence of the 
environmental cue. (3) Selection occurs on any existing genetic variation that regulates 
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this trait, leading to the novel phenotype either (a) becoming genetically fixed (as in 
genetic assimilation) or (b) remaining phenotypically plastic. 
Genetic assimilation of an environmentally induced phenotype has been demonstrated 
under laboratory conditions (Waddington 1942, 1953, 1961; Rutherford & Lindquist 
1998; Gibson & Hogness 1996; Sollars et al. 2003), whether this occurs in nature is still 
controversial. However, observations and experimental data suggest that this process 
is a plausible explanation for the natural origin of various advantageous traits and 
adaptive evolution of different organisms (reviewed by West-Eberhard 2003; Piglliucci 
& Murren 2003; Grether 2005). 
These results demonstrate that sepal–petal differentiation occurs within individual 
perianth organs in Nymphaeaceae and is environmental controlled. Preliminary 
observations suggest that sepal-petal differentiation within individual tepals also occurs 
in other Nymphaeaceae (Euryale) and in a phylogenetically diverse range of other 
angiosperms, including some basal angiosperms, monocots and possibly also 
Amborella (discussed in Chapter 3). Even more surprisingly, my observations suggest 
that the environment has a role in determining this differentiation; i.e. the visible 
boundaries of sepalness and petalness on each perianth organ correspond closely with 
the areas that were exposed (the sepaloid regions) versus the areas that were covered 
(the petaloid regions) when in bud. I predict that additional studies will show that this 
feature occurs in multiple lineages within the angiosperm phylogeny, and therefore it 
could have been present in ancestral (stem-group) angiosperms. The environmental 
control of sepaloid-petaloid differentiation may therefore have been the first step 
towards the evolution of a bipartite perianth, the second step being the genetic 
assimilation of these characteristics to whole organs in specific floral whorls (as 
discussed in Chapter 6).  
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4.4 Summary 
The conventional concept of an “undifferentiated perianth” obscures the fact that 
individual perianth organs are sometimes differentiated into sepaloid and petaloid 
regions. In this chapter I have demonstrated that this type of differentiation occurs in 
the early-divergent angiosperms Nuphar and Nymphaea. Furthermore, in the 
waterlilies Nuphar lutea and Nymphaea caerulea, green and colourful areas on the 
perianth differ from each other in trichome density and presence of papillae, features 
that often distinguish sepals and petals. Field experiments to test whether artificial 
exposure can induce sepalness in the inner tepals showed that in Nuphar and 
Nymphaea caerulea development of sepaloid patches is initiated by exposure. Our 
results indicate that although light is an important environmental cue, other factors also 
appear to be involved, such as absent of surface contact. The environmental control of 
sepal-petal differentiation may also occur in other angiosperm lineages suggesting that 
this may be a plesiomorphic characteristic of the angiosperms.
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CHAPTER V
B-CLASS GENE EXPRESSION IN THE PERIANTH OF
NUPHAR LUTEA AND NYMPHAEA CAERULEA
5.1 Introduction 
This study has demonstrated that green and colourful patches can both occur on the 
same individual tepal of Nuphar lutea and Nymphaea caerulea, and the distribution of 
these regions is environmentally controlled. The fact that the green and colourful areas 
of the perianth are morphologically distinct from each other and have typical sepal and 
petal characteristics support their classification as sepaloid and petaloid. 
These morphological differences between the sepal-like and petal-like patches suggest 
that their underlying developmental programs must differ. In the higher eudicots B-
class genes are expressed in the petals but not in the sepals (e.g. Schwartz-Sommer 
et al. 1990; Coen & Meyerowitz 1991; Hansen et al. 1993; van der Krol et al. 1993; 
Davies et al. 1996; Yu et al. 1999; Kim et al. 2005; Zang et al. 2008). Outside of the 
eudicots B-class expression varies but there does appear to be a strong correlation 
between expression of B-class genes and development of petaloid organs (Kramer & 
Irish 1999, 2000; Tzeng & Yang 2001; Kanno et al. 2003; Kramer et al. 2003, 2007; 
Tsai et al. 2004; Kim et al. 2005; Nakamura et al. 2005). Therefore, it is possible that 
B-class gene expression is “on” in the petaloid patches and “off” in the sepaloid 
patches of Nuphar and Nymphaea caerulea, if so B-gene expression could specify 
petalness in water lilies. Studies by Kramer and her co-workers (Kramer & Irish 1999, 
2000; Jaramillo & Kramer 2004) have found that in several of species (including 
Michelia figo and Sagittaria montevidensis) B-class gene expression is spatially 
restricted to specific areas of the perianth. For example, B-gene expression can be 
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localised at the base or tip of the perianth organ, to a single cell layer (the adaxial 
epidermis) and even to the adaxial half of an organ. Furthermore, a study on B-class 
expression in Nuphar advena reported that expression of their AP3 and PI homologues 
are higher in the inner covered tepals (that have larger petaloid patches) and the tips of 
the outer tepals (that are often covered and petaloid) (Kim et al. 2005). Therefore B-
class expression could also be restricted to the petaloid areas of an individual tepal of 
N. lutea and N. caerulea, i.e., the covered petaloid regions of the tepals and the adaxial 
surfaces of the all the tepals. Furthermore, if B-class expression is absent from the 
sepaloid patches of the perianths then B-class expression could also be “turned off” in 
an area of tepal that is experimentally exposed and develops a sepaloid patch. 
To investigate the expression pattern of B-class genes in experimentally exposed
tepals, I extracted RNA and cloned a number of AP3 and PI homologues from the 
tepals of N. lutea and N. caerulea and analysed their expression using non-radioactive 
RNA in-situ hybridisation (ISH). All buds used in the ISH analysis had developed 
sepaloid patches in their experimentally exposed area. A single ISH run on Nuphar, 
using a PI probe, did suggest that the PI homologue is expressed in the petaloid 
regions of the perianth but not in the sepaloid regions. However, I was unable to repeat 
these results because non-specific staining occurred in the remaining runs on Nuphar
and Nymphaea and masked any true signal of B-class expression. Discussions with 
other research groups suggest that high background (non-specific staining) occurs in 
other members of the Nymphaeales and the standard ISH protocol may have to be 
modified. In this chapter I examine some of the potential causes of the background 
signal and steps within the standard ISH protocol that may have to be optimised for 
successful ISH on members of the Nymphaeales. I also describe some of the possible 




5.2.1 Orthology of MADS-box genes extracted from tepals of 
Nuphar lutea and Nymphaea caerulea
Six B-class homologs were cloned from Nuphar lutea and Nymphaea caerulea. These 
were Nu.lu.AP3.1, Nu.lu.AP3.2, Nu.lu.PI.1 and Nu.lu.PI.2 from N. lutea, and 
Ny.ca.AP3.1and Ny.ca.PI from N. caerulea. Blast searches and all three phylogenetic 
analyses agreed on their identity as PI or AP3 homologs. Phylogenetic analyses using 
the amino acid and nucleotide alignments resulted in trees with relatively good 
bootstrap values at many nodes. They were placed with other AP3 or PI genes 
(including those from Arabidopsis and Antirrhinum) at bootstrap values of 99% or 
100%, supporting their identification as AP3 and PI-like B-class genes (Figs. 34-36). 
The study by Stellari et al. (2004) on B-class gene characterisation in basal 
angiosperms found four different classes of AP3 cDNAs (named class I-IV) in 
Nymphaea. These genes had identical sequences but four different patterns of indels 
in their K domain were produced through an alternative splicing mechanism (see 
Appendix F). I also extracted several alternatively spliced AP3-like cDNAs from N. 
caerulea. However, comparisons of my genes with those isolated by Stellari suggest 
that I only extracted class II, III and IV-like genes and did not find any class I transcripts 
showing the characteristic splice variants.
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Fig. 34. Maximum parsimony bootstrap tree generated using the nucleotide sequence dataset.  Note that 
the B-gene clade is supported at 79% bootstrap support, and support for both the AP3 and PI clades is 
99%. Nymphaeaceae genes group together within each clade, with Cabombaceae as their sister clades 
(also occurred in the tree generated using the amino acid datasets Fig. 34; Fig. 35). Gene duplications 
leading to multiple AP3 and PI copies occurred within the Nymphaeaceae. 
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Fig. 35. Maximum parsimony bootstrap tree generated using the amino acid sequence dataset. All 
characters are equally weighted. The B gene clade is supported at 50% bootstrap support, and support for 
both the AP3 and PI clades is 98 and 99% respectively. 
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Fig. 36. Maximum parsimony bootstrap tree generated with the amino acid sequence dataset and step 
matrix (by M. Frohlich) based on the Blosum62 matrix. The B gene clade is supported at 74% bootstrap 
support, and support for the AP3 and PI clades is 100% and 99% respectively. 
161
5.2.2 RNA in-situ hybridisation study of B-class genes in tepals from 
experimental buds of Nuphar lutea and Nymphaea caerulea
5.2.2.1 Probe preparation for in-situ hybridisation 
The partial gene sequences from N. lutea and N. caerulea were used to design primers 
for the generation of PI and AP3 antisense (AS) and sense (SEN) RNA probes for in-
situ hybridisation. To increase probe specificity for their target gene all probes were 
designed to hybridise with part of the 3’ prime untranslated regions, except for Ny.ca.PI
probes in which there was no area of the unstranslated region suitable for a primer to 
bind for PCR probe generation. The probes for Ny.ca.AP3 were complementary to a 
conserved region of the gene present in all four AP3 classes and outside of the spicing 
sites. Sequencing of the DNA templates used for the generation of DIG-labelled RNA 
probes demonstrated that the template was the correct sequence. A spot test 
(recommended in the DIG RNA labelling kit) found that the probes used in this study 
were efficiently labelled for in-situ hybridisation. 
5.2.2.2 In-situ hybridisation study of Nuphar lutea
A single slide of Nu.lu.PI antisense (specimen G/1) had strong signal in the petaloid 
areas of the tepals (the adaxial surfaces and covered regions of the EE tepal) and 
relatively low signal in sepaloid areas of the tepals (the first few epidermal layers of the 
abaxial surfaces of the outer tepals and the EE area). The Nu.lu.PI sense control slides 
showed no signal during this run. These results were observed by myself, M. Frohlich 
and other researchers in the lab. The signal was strong and developed after only one 
day. These results suggest that in N. lutea PI expression is greater in the petaloid 
patches of the perianth whereas in the sepaloid patches expression is low, as 
predicted in my hypothesis (Fig. 43H). We planned to photograph the slides the next 
day, after they had been made permanent. Unfortunately, I used a new protocol to 
mount the slides (“crystal mount” with water) and overnight the coloured precipitate 
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faded from the sections before they were photographed. Despite several runs using the 
same specimen and probe I was unable to repeat these results. 
In the remaining ISH runs on Nuphar the AP3 and PI control and antisense slides 
showed the same pattern of staining demonstrating that the resulting signal was due to 
non-specific background (Fig. 37). In the majority of results staining occurred 
throughout the tepal tissue but was absent in the vascular bundle cells and was also 
weaker in the first few cell layers of the abaxial and adaxial surfaces (Fig. 37C-E).
Staining varied between the floral whorls and was often weaker in the inner tepals (the 
EE tepals), staminodes and stamens. Non-specific background was very dark in the 
nuclei and cells with dense cytoplasm and also occurred in the sclerenchyma (Fig. 
37E). 
Specimen F/3 showed a similar staining pattern as described immediately above, 
except staining was darkest in the first few layers of the abaxial side of the outer and 
inner tepal. Nuphar D2/1 with both AP3 and PI antisense probes displayed dark 
staining across the tepals including the upper and lower epidermal layers, staining was 
only absent from the vascular bundles. In sample K/1 (PI antisense and Nymp PI
antisense as a control) staining was absent in patches of EE area’s abaxial layer (Fig. 
37A-B). In many specimens staining was not uniform across the slides and there was 
also variation between different runs on sections cut from the same embedded block.
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Fig. 37. Results of the in-situ hybridisation study of B-class gene expression in tepals of Nuphar lutea. 
Results display non-specific binding; antisense and control slides display the same staining pattern. A-B,
specimen K/1 - A, PI antisense probe. Strong staining occurs throughout the EE tepal and the right side of 
the covering tepal. Staining is absent or low in the left side of the covering tepal and the innermost 
staminode; B, control slide. Staining pattern is the same as the antisense slide (A). There is no variation 
between the EE and covered area of the same tepal. C-E, Specimen 9/1 exposed to PI sense probe - C,
staining occurs throughout the sections of the covering tepal and most of the EE tepal. Staining is absent 
from the right side of the EE tepal and the staminode; D-E, in many specimens of Nuphar using antisense 
and sense AP3 and PI probes, staining was strongest in the mesophyll, and low or absent in the first few 
cells layers of the upper and lower epidermis. Staining was also absent from the vascular bundles. 
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5.2.2.3 In-situ hybridisation study of Nymphaea caerulea
Nymphaea caerulea also displayed the same staining pattern in the AP3 and PI sense 
control and antisense slides (Figs. 38-40) however, unlike Nuphar staining was much 
more consistent between different specimens. In most N. caerulea specimens, tepals 
from perianth series one to three were stained throughout the tissue including nuclei 
and cell walls (Fig. 38A-B). In tepals from the first whorl, staining was greatest in the 
first few cell layers of the abaxial epidermis and the tepal edges (Fig. 39A-B). Staining 
in the EE tepals varied between specimens. Specimens covered bud 21 and non-
covered bud 9 showed differences in staining between the EE and covered areas of 
the same tepal. In specimen 21 both EE tepals had dark staining in the upper 
epidermal layers of the EE patch (similar to the exposed first whorl tepals) whereas 
staining in the remaining covered areas of the tepals was relatively low (Figs. 38A-E; 
39A). In the EE tepal of specimen 9 and non-covered bud 8 staining occurred across 
the width of the tepal of the EE area (from the abaxial to the adaxial epidermis) while 
the rest of the tepal had very low staining. However, staining was often stronger in the 
abaxial epidermal layers of the EE layer similar to the outer tepals (Fig. 40B, D). In 
some runs on specimen 8 the EE tepals displayed no difference between their EE and 
covered area (Fig. 40A). In most specimens tepals present in perianth whorls inside 
the third perianth series showed low to no staining (Figs. 38A, F; 40A-B). Sense and 
antisense probes gave the same results.
5.2.2.4 Modifications to the in-situ hybridisation protocol to try and inhibit 
non-specific background 
Various controls were implemented to determine the source of the non-specific 
background in N. caerulea. These included slides with no probe, slides with no probe 
plus no anti-DIG antibody (also performed in Nuphar) and slides with anti-DIG FAB 
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Fig. 38. Results of in-situ hybridisation study on Nymphaea caerulea specimen 21/1. During the 
experiment on this bud, the outermost tepal was removed to expose areas of two inner tepals. The right 
outermost tepal has moved down slightly from its original position at collection, therefore the length of the 
actual EE area is indicated by an arrow in Fig. 38A. A-F, after ISH, the AP3 and PI antisense probes 
displayed the same staining pattern - A, B, AP3 antisense probe. Staining occurs throughout the 
outermost tepals and the left EE tepal. Staining in the right EE tepal is darker in the first few abaxial layers 
of the EE area. Staining appears to be absent in the covered area of the right EE tepal and the 
subadjacent tepals; C, F, PI antisense probe. The staining pattern in the same as the AP3 antisense probe 
(A, B), except that staining is also lower in the covered area of the left EE tepal. Staining appears to be 
greater in the upper epidermal cells of the EE areas and the outer tepals (C-E). 
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Fig. 39. Results of in-situ hybridisation study on Nymphaea caerulea specimen 21/1. Control slides display 
the same staining pattern as antisense slides (Fig. 38). Staining is strongest in the upper epidermal cell 
layers of the outer tepals and the EE areas. A, B, PI sense probe. C, Unincorporated DIG-UTPs added to 
the hybe instead of probe. Staining pattern is weaker but distribution is similar to probe slides.
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fragment antibody or only unincorporated DIG-UTPs but without probe. The staining 
pattern in all control slides was similar to antisense and sense slides. Slides displayed 
staining throughout the tissue that was darker in the upper cell layers of the exposed 
areas of the tepals (the abaxial surfaces of the outer tepals and EE area) (Figs. 39C; 
41). Slides of Nuphar and Nymphaea without probe or anti-body also showed faint 
staining in the upper cell layers. In Nuphar this was very faint and occurred in both 
perianth whorls whereas in Nymphaea staining was slightly stronger in the abaxial side 
of the exposed regions of the tepals, including the EE area (as found in the antisense 
and sense slides). Staining without probe and antibody suggests that there may be 
endogenous phosphatases in these areas. In order for the substrate to produce a blue 
colour the phosphate group has to be removed from the BCIP (Fig. 42). As the anti-
DIG antibody with attached phosphatases is not present in these slides phosphatases 
must be present within the tissues of the sepaloid areas. These results suggest that 
there are multiple factors to the background staining; non-specific binding of 
nucleotides, anti-DIG antibody in sepaloid areas of Nymphaea and the presence of 
endogenous phosphatases all contribute to background staining in N. caerulea.
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Fig. 40. Results of in-situ hybridisation study on Nymphaea caerulea specimen 8/1. During the 
experiments on this specimen, the outermost tepal was removed to expose the areas of two inner tepals to 
light. A-D, after ISH the AP3 and PI antisense probes displayed the same staining pattern. Results from 
this specimen were similar to 21/1 (Fig. 38). Staining is stronger throughout the outermost tepals and the 
left EE tepal. Staining occurs across the width of both EE areas (A, B & D) and is not restricted to the
abaxial cell layers as in 21/1 (Fig. 38) - A, AP3 antisense probe; B-D, PI antisense probe.
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Fig. 41. Results of in-situ hybridisation study on Nymphaea caerulea specimen 8/1. A-F, control slides 
display a similar pattern to antisense probes (Fig. 40) - A, unincorporated DIG-UTPs. Staining is weak and 
occurs mainly in the upper epidermal cells of the outer tepals and the EE areas; B-F, anti-DIG added to 
the hybe instead of probe. Staining pattern is very similar to the antisense probe slides; staining is stronger 
in the outermost tepals and across the width of the EE areas (B & D). Staining also occurs in the epidermal 
cells of the inner most tepals (C-D) and is very dark in first few cell layers of the abaxial surfaces of the 
outer tepals (E). Sclerenchyma and the cell walls are also stained (F). 
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5.3 Discussion 
5.3.1 Results of this study are difficult to interpret due to background 
staining
One slide of Nu.lu.PI clearly showed restriction of B-class expression to petaloid areas 
of the perianth: i.e. the adaxial halves of the outer and inner tepals and the abaxial 
covered petaloid regions of the inner tepal, whereas the exposed green abaxial 
surfaces of the outer tepal showed low expression of B-class genes (Fig. 43H). PI
expression also appeared to be slightly lower in the abaxial surface of the EE area of 
the inner tepal. During this run, the sense-negative control slides of this specimen 
displayed no staining. This suggests that the PI homologue in Nuphar is expressed 
mainly in the petaloid regions of the perianth, as predicted in the thesis hypothesis. 
However, the signal in this slide faded during mounting and I was unable to photograph 
the results. Determining whether this is the true expression pattern or an anomalous 
result is currently impossible since the results from the remaining specimens of Nuphar
suffered from non-specific binding and true signal was not apparent. 
In Nymphaea caerulea and the majority of specimens of Nuphar lutea the negative 
control slides (sense) displayed the same staining pattern as the antisense slides of 
AP3 and PI (Figs. 38-41). Similar staining pattern in the control and antisense slides as 
well as signal in tissue that should not contain RNA, such as the sclerenchyma, (Figs. 
37E; 41F) indicates that the signal from N. lutea and N. caerulea is the result of non-
specific background and does not show the true expression pattern of B-genes in the 
tepals of these species. 
In most N. lutea specimens background staining occurred throughout the tepals but 
was weaker in the vascular bundles and the first few epidermal layers of the abaxial 
and adaxial surfaces (Fig. 37C-E). Most N. caerulea sections displayed staining 
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throughout the first and second-series tepals that was darker in the first few layers of 
the abaxial surface of the first-series tepals and often the EE area of the second-whorl 
tepal (Fig. 38D-F). Colour in the remaining area of the EE tepal varied between 
specimens of Nymphaea. Some specimens showed less background in the covered 
areas of the EE tepals (Fig. 38A-E) whereas in other specimens there was no 
difference between the EE area and the covered regions of the tepal (Fig. 40A). 
Variation in background staining between the sepaloid and petaloid patches of the 
perianth of some N. caerulea could suggest there are further biochemical differences 
between these patches in addition to the morphological differences. Future ISH on N. 
lutea and N. caerulea will have to solve the problem of non-specific binding in mature 
tissue before B-class gene expression can be investigated.
5.3.2 Aspects of the in-situ hybridisation protocol may contribute to 
the non-specific background in Nuphar lutea and Nymphaea 
caerulea
5.3.2.1 Standard RNA in-situ hybridisation protocols may not be suitable 
for use on Nymphaeales
Discussions with other research groups working on Nymphaea (Soltis lab, University of 
Florida, Gainseville USA) and Cabomba (Scutt lab, ENS Lyon, France) also found non-
specific staining to be a problem during RNA ISH. In their species of Nymphaea non-
specific background occurred in the epidermal cells of the tepals similar to my results. 
This suggests that the standard ISH protocol needs to be modified for flowers of 
Nymphaeales. A possible problem with water lilies could be due to their aquatic habit. 
In mature flower buds of Nuphar and Nymphaea the exposed areas of the tepals are 
waxy and hydrophobic. This may affect the penetration of the different in-situ solutions 
or in Nymphaea the waxy deposition on the abaxial surfaces could bind the RNA probe
or/ and the DIG-antibody (Figs. 39A, B; 40C; 41B-F). Kim et al. (2005) successfully 
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studied B-class gene expression in Nuphar advena using ISH. However, this study 
followed a different protocol using radioactively labelled probes and buds at young 
developmental stages. My specimens are relatively mature which means they have 
increased secondary deposition and much larger vacuoles than in young developing 
tissues. Large vacuoles pose a problem because the amount of physiologically active 
cytoplasm in maturing tissues is relatively small. It is only in the active cytoplasm 
outside the vacuole where the mRNA target molecules can be located. The 
phosphatases bound to the DIG-antibody in the ISH reaction produce monomers that 
precipitate to form the coloured deposit that is the ISH signal (Fig. 42). This reaction is 
concentration dependent. The relatively lower amount of active cytoplasm in maturing 
tissues reduces the concentration of these monomers in the cells, making the signal 
significantly harder to detect.
5.3.2.2 Several factors could contribute to background staining in 
Nymphaea caerulea
Additional controls during ISH provide evidence that the RNA probe could be the 
source of the non-specific signal in N. caerulea. These controls either had (1) no probe
added to the slides, (2) no probe antibody, or, instead of probe, (3) unincorporated 
digoxigenin-UTPs (DIG-UTPS) or (4) anti-DIG antibody added to the hybe. The results 
of these tests suggest that in N. caerulea DIG-labelled probes appear to be sticking 
non-specifically to the sepaloid areas of tissue. All control slides showed an identical 
staining pattern to the sense and antisense probe slides, but staining was stronger in 
slides with unincorporated DIG-UTPs (Figs. 39C; 41A). This suggests that it may be 
the DIG-UTPs (unincorporated or within the probe) that is causing the background. The 
digoxigenin molecule of the DIG-UTP is only found in Digitalis and is, in theory, unlikely 
to bind to intact biological material of any other species. However, fixation, dehydration 
and embedding of material during ISH can alter structure of biological material leading 
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to non-specific binding, hence the complicated hybe and pretreatments. If the 
dioxigenin molecule is a problem perhaps the addition of another steroid such as 
estrogen or cholesterol to the hybe and prehybe will block these sites. Alternatively, the 
uracil nucleotide of the DIG-UTPs may be binding to the sepaloid tissue. This is more 
likely because in order for the antibody to bind to the DIG-UTP and thus the antibody-
DIG-UTP complex to react with the substrate (Fig. 42), the DIG molecule of the DIG-
UTP has to be free and available for binding. If the nucleic acid of the DIG-UTP is 
binding non-specifically than it is reasonable to assume that the RNA probe may too, 
especially as the darkest staining occurs in the probe slides.
Fig. 42. Schematic diagram of the substrate reaction The RNA probe with an incorporated DIG molecule 
has already bound to its target in cellular RNA and the anti-DIG FAB-fragment has bound to the DIG 
molecule. The alkaline phosphatases attached to the antibody, removes the phosphate from the BCIP of 
the substrate. BCIP is oxidised and NBT is subsequently oxidised, producing a blue precipitate.
Non-specific binding of probes can occur in ISH and a number of steps during the 
protocol are designed to limit non-specific binding of nucleic acids. For example, tRNA 
and fragmented salmon sperm DNA are added to the hybe and prehybe (far in excess 
of the probe concentration) to saturate these non-specific sites. Numerous washes are 
performed after hybridisation to remove labelled probes that may have hybridised to 
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non-specific sites as these are less stable than perfectly matched probe base-paired to 
the mRNA target. If any unbound probe is left after these washes then the RNase step 
should degrade any remaining single stranded RNA. Varying some of these steps did 
not prevent non-specific signal, although these may require further testing to improve 
their efficiency. Background staining in ISH results can occur if the probe concentration 
is too high. However, although the signal was much weaker at low probe 
concentrations, background staining still occurred at different probe concentrations 
(0.5ng/µl/kb to 2.5ng/µl/kb). I also increased the stringency of the hybridisation step to 
try and minimise non-specific binding by using a higher hybridisation temperature 
(55oc) and a lower salt concentration (0.4x SSC) of the post-hybridisation washes. 
These conditions may have been too stringent to allow the RNA probes to bind to their 
target RNA. Background staining commonly occurs during ISH studies but is usually 
very faint compared to the strong signal from the probe-endogenous RNA hybrids. 
Perhaps optimising the hybridisation temperature and salt concentration of the washes 
could help increase the signal from the perfectly base-paired probe and thereby reduce 
the relative amount of background signal. Another important step that may require 
optimising is the RNase step. It is possible that increasing the duration or RNase 
concentration used in this step may remove nucleic acid that has bound to non-specific 
sites within the tissue of the test species. Alternatively, the RNase concentration 
suggested in the protocol may have been too high for this tissue leading to the 
digestion of the base-paired probe as well as the unbound RNA probe.     
In Nymphaea the RNA probes may be binding to hydrophobic material on the outer 
surface of the abaxial epidermal cells of the perianth organs. Studies on gene 
expression in xylem-forming tissue using standard ISH also suffered from non-specific 
binding of their probes to secondary wall material (Subramaniam et al. 1993; Tiré et al. 
1994; Hawkins et al. 1997). An investigation on Populus stems by Regan et al. (1999) 
found that using fast-freezing and freeze substitution before ISH reduced non-specific 
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binding in lignified secondary tissue and also improved preservation of cellular 
structure and mRNA. In this method, instead of using conventional methods that 
chemically fix the material in paraformaldehyde, specimens are frozen in liquid nitrogen 
and immediately placed in cold (-80°C) fixative (glutaraldehyde in methanol) to quickly 
cryoimmoblise the cellular contents (fast-freezing). Then after 3 weeks at -80°C (to 
allow freeze substitution to occur) they are slowly warmed to room temperature. 
Presumably the standard fixation method caused modifications in the secondary wall 
resulting in non-specific binding, which did not happen with freeze-substitution. It is 
possible that the problems in N. lutea and N. caerulea are due to the probes sticking to 
areas of the tissue with increased deposition of secondary compounds, for example, in 
the cuticles. The tissue in the first few layers of the abaxial epidermis of the outer 
tepals of Nymphaea could have increased deposition of hydrophobic material that the 
RNA probes might bind to. Perhaps fast-freezing and freeze substitution will reduce 
non-specific binding in my specimens, as found in the secondary tissues of wood.
Slides with antibody added to the hybe instead of probe also showed dark staining in 
sepaloid areas of Nymphaea (Fig. 41B-F). However, the antibody is not normally added 
at the hybridisation stage and is therefore not comparable with results from the 
standard procedure. Furthermore, slides without probe but antibody added at the 
correct stage of ISH did demonstrate staining in the sepaloid tissue but this was very 
weak. The antibody, therefore, only contributes to the background staining but is 
probably not a major cause. Alternatively, the weak staining in the upper epidermal 
cells of no-probe slides could be due to endogenous phosphatases and not non-
specific binding of the anti-DIG fragments. If unbound antibody is sufficiently removed 
during the Tris washes from slides without probe, then phosphatases have to be 
present within the tissue in order to react with the substrate and produce a coloured 
precipitate (Fig. 42). The addition of different concentrations of Tetra-sodium 
pyrophosphate to the hybe to try and block the endogenous phosphatases in the 
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Nymphaea did not reduce background and non-specific staining. However the addition 
of levamisole (an inhibitor of endogenous phosphatises) to the last wash and to the 
substrate solution removed all staining in Nymphaea. It appears that in Nymphaea the 
levamisole may have inhibited the alkaline phosphatases in the anti-DIG as well as 
phosphatases within the tissue. 
In Nuphar, control slides without probe or anti-DIG antibody also resulted if very faint 
staining in the upper epidermal cells of the tepals. However, endogenous 
phosphatases do not appear to be a significant problem because in most probe slides 
of N. lutea background staining occurs in the mesophyll tissue and not the upper 
epidermal cells. Furthermore, the addition of levamisole to the substrate solution did 
not prevent non-specific staining. To determine the source of the non-specific binding 
in Nuphar further ISH studies should be carried out with the same controls used for N. 
caerulea. 
If I could repeat the ISH study I would begin with normal untested buds at different 
stages of development; starting with young flower buds in which non-specific binding 
does not appear to be a problem, at least in Nuphar advena (Kim et al. 2005).  B-class 
gene expression in the flowers of many species of non-core eudicots varies throughout 
flower development and in some species decreases as the flower buds mature (Kim et 
al. 2005; Nakamura et al. 2005; Drea et al. 2007; Kramer et al. 2007) so young flower 
buds may also show clearer signal that is stronger than any background staining. Use 
of young tissues as positive controls might facilitate discovery of improved methods 
that would work on nearly mature buds. I would also explore other methods for 
removing non-specific background including using fast-freezing and free-substitution 
rather than chemical fixation, varying the hybridisation temperature, varying the 
stringency of the SSC washes and optimising the RNase step. 
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5.3.3 Possible results and implications of a successful ISH study of 
B-gene expression in tepals of Nuphar lutea and Nymphaea 
caerulea
5.3.3.1 Possible results: If B-class expression is uniformly expressed 
throughout the tepals
Once the problem of non-specific background has been solved there are a number of 
possible results from the ISH, some of which are shown in Fig. 43. The results shown 
in Fig. 43B (and to some extent Fig. 43D) would suggest that B-class genes are not 
involved in sepal-petal differentiation in N. lutea and N. caerulea. This result seems 
unlikely since B-class genes are the best candidate for sepal-petal differentiation in 
Nuphar and Nymphaea due to the strong link between expression of B-class genes 
and the development of petaloid organs in the angiosperms (e.g. Kramer & Irish 1999, 
2000, 2007; Kanno et al. 2003; Kramer et al. 2003; Kim et al. 2005 Nakamura et al. 
2005; see Jaramillo & Kramer 2004; Park et al. 2003, 2004 for exceptions). 
Furthermore, the study on Nuphar advena by Kim et al. (2005) support the preliminary 
findings in N. lutea that showed an increased level of B-class expression in the 
covered, petaloid regions. Kim et al. (2005) reported that expression of AP3 and PI
homologues (Nu.ad.AP3.1, Nu.ad.AP3.2 and Nu.ad.PI) is higher in the covered, 
petaloid inner tepals and, the presumably, covered and petaloid tips of the outer tepals. 
Furthermore, their Real-time PCR investigation found that in N. advena B-class genes 
are expressed in tepals from early (1cm width) to late stages of bud development (after 
the flower opens). B-class genes should therefore be expressed in the tepals of my 
study species.  If further ISH show their expression is absent (Fig. 43D) then this 
suggests that, at some point during the collection, preparation and ISH, the RNA has 
degraded due to contamination with RNases or that steps within the ISH require much 
better optimisation for my material (such as the proteinase K step, the hybridisation 
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Fig. 43. Possible outcomes of in-situ hybridisation study of B-class gene expression in tepals of Nuphar
and Nymphaea (assuming there is no staining in sense controls). All tepals are shown as if sectioned 
transversely (at right-angles to the main vascular traces). In both species the adaxial epidermis is petaloid 
but abaxial surface has sepaloid and petaloid patches (green = sepaloid [green], and yellow = petaloid 
[yellow, white or diffuse purple). In the illustrations of in situ hybridization results purple = strong staining/ 
expression, light purple = low/ no expression. A-D, tepal from a non-experimental bud - A, tepal before 
fixation. B-D, possible ISH results from non-experimental tepal; B, B-class gene expression is uniform 
throughout tepal; C, B-class gene expression is lower/ absent in sepaloid patches, as hypothesised in this 
study; D, no/ low staining throughout tepal. E, the outer and inner tepals of an non-experimental bud. F-H,
An area of the outer tepal (from E) has been experimentally removed to reveal an area of inner tepal (EE) 
which turned green during the experiment - E, EE tepals before fixation; F, G, possible ISH results from EE 
tepals. Interpretations are based upon non-experimental buds having lower B-class gene expression in 
sepaloid areas; F, no difference in expression between the EE and covered area of tepal; G, EE area has 
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step, the RNase step and the antibody incubation step). Low expression of B-class 
genes could occur in my samples because the tepals are mature. Decrease in B-class 
expression with bud age occurs in some angiosperm flowers, as well as being more 
difficult to detect in tissues with large vacuoles (see section 5.3.2.1). If low expression 
is a problem then I could try increasing the probe concentration, lowering the 
stringency of the hybridisation step and subsequent washes or increasing the signal 
from the probe-endogenous RNA hybrid by utilising Tyramide signal amplification or 
using a Biotinylated anti-DIG antibody followed by streptavidin-HRP. 
Alternatively, B-class genes could be regulated at the protein level with translation of B-
class RNA being reduced in sepaloid regions of the perianth. Stellari et al. (2004) and 
this study have found that Nymphaea has a number of alternatively spliced AP3 genes 
grouped into four classes (classes I-IV). According to Stellari et al. class I NympAP3
transcripts have the complete reading frame with three introns (named introns 13, 14 
and 15). In class II and III cDNAs the 14 region has not been spliced but, in class II 
genes a splice site is located 5bp within E5 exon forming an in frame stop codon. The 
resulting proteins from class I and class II proteins lack nearly all the C-terminal 
domain. Class IV proteins also lack part of the C domain (the N-terminal of this 
domain) however, the cDNA remains in frame in E6 (see Appendix F). 
Several studies have demonstrated that the C-terminal plays an important role in the 
function of the MADS-box proteins (Egea-Cortines et al. 1999; Lamb & Irish 2003; 
Vandenbussche 2003). Characterisation of the C-terminal domains of MADS-box 
proteins have found that it contains a transcription activation domain and it is also 
essential for ternary complex formation between SQUA, DEF and GLO proteins in vitro
(Egea-Cortines et al. 1999). However, a recent study by Piwarzyk et al. (2007) found 
that truncated forms of the AP3 and PI genes that lack the C-terminal can still function 
as B-class genes suggesting that their function is redundantly specified in another 
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domain of the protein. The role of the four Nymphaea AP3 classes is therefore unclear, 
though Stellari et al. found that the alternatively spliced NympAP3 transcripts are far 
more abundant than perfectly spliced cDNAs. The high frequency of the spliced 
NympAP3 transcripts suggests that they perform some function in the flowers of 
Nymphaea. Stellari et al. (2004) postulated that if class II, III and IV are not translated 
they could reduce the concentration of the functional class I AP3 transcripts. 
Alternatively, if they are translated they could function as dominant negative factors, 
similar to the truncated AP3 in Arabidopsis (Krizek et al. 1999) and will affect 
homodimer or heterodimer formation of the B-class proteins. Studies using 
immunolocalisation and in vitro binding DNA assays could investigate whether these 
different classes have a function in sepal-petal differentiation in Nymphaea and 
whether B-class function in Nuphar and Nymphaea is under post-translational 
regulation. During this study the Nymphaea AP3 probes were designed to bind to 
regions of the gene that were conserved in all classes of AP3 cDNAs meaning that if 
ISH had been successful all splice variants would have been detected. Future RNA 
ISH should also take into account the presence of the alternatively spliced Nymphaea
AP3 RNAs that do not appear to act as B-class genes but may be present as a 
regulatory mechanism of B-function in Nymphaea.
My preliminary studies of N. lutea and Kim et al. (2005) suggest that B-class 
expression differs between the sepaloid and petaloid patches. However, if further study 
does show that B-class genes are not involved in sepal-petal differentiation then other 
MADS-box genes involved in floral organ identity should be investigated. Although, in 
the majority of studies B-class genes are expressed in the petaloid tissues, there are a 
few instances where B-class RNA transcripts were not found in petaloid tissues of the 
perianth. For example, in Aristolochia B-class expression is found in the sepaloid 
regions of the perianth and is absent from the petaloid surfaces of the perianth limb 
(Jararmillo & Kramer 2004). Furthermore, in Asparagus officinalis the outer and inner 
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perianth whorls are both petaloid and identical to each other but B-class homologues 
(AoDEF, AoGLOA and AoDEFB) are restricted to the inner perianth organs (Park et al.
2003, 2004). These studies suggest that multiple genetic mechanisms have evolved to 
specify petaloid structures in different lineages. Results from the morphological study 
of N. lutea and Nymphaea provide evidence that that the sepaloid and petaloid patches 
of the perianth are morphologically distinct and therefore developmental genetic 
differences between the patches must exist. Future studies could compare molecular 
differences between the sepaloid and petaloid patches of the same tepal of untested 
buds and between the EE area and the remaining covered area of tepal from an 
experimental bud.
5.3.3.2 Possible results: If B-class expression is higher in the petaloid 
patches of the perianth
One slide of Nu.lu.PI antisense did display higher PI expression in the covered petaloid 
regions of the perianth than in the sepaloid regions of the tepals, as hypothesised 
(depicted in Fig. 43H). The experimental results from Nuphar and N. caerulea (Chapter 
4) show that environmental exposure does control which areas of the perianth are 
ultimately sepaloid and experimental exposure of an area of inner tepal can induce the 
production of morphologically sepal-like patches. Therefore, if B-class expression is 
restricted to the petaloid regions of the perianth of untested buds then B-class 
expression could be reduced to a greater or lesser degree in an area of inner tepal that 
is experimentally exposed (Fig. 43F, H). The experimental results from Nuphar and N. 
caerulea found that tepals are more likely to develop sepaloid characters if they are 
exposed to the environment at relatively early stages of developments. In order to 
induce significant differences in B-class expression between the EE area and 
remaining covered region of the tepals, experiments should begin on young buds (Fig. 
43G). To study possible modifications of B-class expression in these species ISH 
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should be carried out on buds of various sizes, including young buds, corresponding to 
the sizes used in my experimental studies. It is possible that experimental exposure 
might alter expression of PI and AP3 homologs differently. If these genes in waterlilies 
have obligate heterodimerisation then reduction in only one of them could be sufficient 
to induce conversion to a sepaloid fate. 
5.3.3.3 Possible implications if future studies demonstrate that B-class 
expression is restricted to the petaloid patches of the perianth of water 
lilies 
Current theories on perianth evolution propose that distinct sepals and petals have 
evolved interpedently 2-6 times from different structures in different groups (Hiepko 
1965; Kosuge 1994; Takhtajan 1991; Zanis et al. 2003). However, with a few 
exceptions (Jaramillo & Kramer 2004; Park et al. 2003, 2004), AP3- and PI-like genes 
are typically expressed in petaloid organs regardless of their origin or position in the 
flower. In accordance with contemporary theories B-class genes would have been 
recruited multiple times from their original function in male organ identity to specify 
petaloid perianth organs. (Kramer et al. 2000) However, if in Nymphaea and Nuphar B-
class genes are expressed in the petaloid but not the sepaloid areas, and are turned 
off in the area of tepal that is experimentally exposed then sepalness and petalness in 
waterlilies could be specified in the same way as sepals and petals are specified in 
higher eudicots. This could also be true for several basal angiosperms (Amborella, 
Illicium and Alstromeria - see Chapter 3) that appear to display sepal-petal 
differentiation within individual perianth organs. This would suggest that the petalness 
and sepalness identity programs were already functioning in the earliest angiosperms 
(also shown by Stellari et al. 2004; Kim et al. 2005) but that AP3 and PI gene 
expression were not fixed to whole organs of the flower and their distribution was 
environmentally controlled. Therefore there was no parallel recruitment of B-class 
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genes to specify petaloid perianth organs. Instead the only possible parallelism would 
have been in the mechanisms used to fix sepalness and petalness to entire organs, 
reducing or removing any environmental influence on the positions of these patches.  
Mechanisms that control zones of expression of B-class genes are poorly known even 
in model organisms, so it would not yet be possible to judge such potential parallelisms 
in non-model plants.
Future studies will concentrate on removing non-specific background from ISH results 
of Nuphar lutea and Nymphaea caerulea and performing ISH studies on B-class 
expression in these species and basal angiosperms outside Nymphaeales that display 
sepal-petal differentiation within individual perianth organs. 
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5.4. Summary 
During this study a single run of Nu.lu.PI on Nuphar displayed the staining pattern 
predicted by my hypothesis: strong signal in the petaloid regions of the tepals (the 
covered non-green areas of the inner tepal and the adaxial halves of green and EE 
areas) and low signal in the green areas, including the EE area (the abaxial halves of 
the exposed green and EE areas). In contrast, the sense control probe did not develop 
any signal during this run. However, in all the remaining runs on N. lutea and N. 
caerulea the antisense and control AP3 and PI transcripts had exactly the same 
staining pattern demonstrating that the signal was due to non-specific background. In 
N. caerulea the staining was strongest in the first few cell layers of the exposed regions 
of the tepals including the EE area. Further controls to identify the cause of the 
background in Nymphaea (slides without probe and DIG-UTPs instead of probe) 
suggest that the background was due to both non-specific binding of the probes and 
also endogenous phosphatases. Low signal from the probe-endogenous RNA hybrid 
may have also been a problem. A number of changes to the lab protocol did not 
increase signal above background. However some of the steps still need to be 
optimised, including the RNase step, the hybridisation temperature and the pre-
hybridisation washes. Changing the fixation agent from paraformaldehyde to fast-
freezing and freeze substitution has already been shown to reduce non-specific binding 
in secondary wood tissue (Regan et al. 1999) and may prevent background in the 
secondary tissue of tepals of N. caerulea.
Before gene expression can be studied in the tepals of N. lutea and N. caerulea the 
ISH must be modified to suit my material. Within the discussion I describe some of the 
possible results of a successful ISH and discuss their implications. Cloning and 
sequencing of AP3 homologues from Nymphaea identified three alternatively spliced 
Nymphaea AP3 cDNAs that may not function as B-class genes but reflect regulation of 
185
the functional Ny.ca.AP3.1 either at the RNA or protein levels. Elucidating the control of 
sepal-petal differentiation in the tepals of N. caerulea and also N. lutea may also 




CONCLUSIONS AND FUTURE DIRECTIONS 
6.1 Conclusions
6.1.1 Sepaloid and petaloid regions co-occur on the same perianth 
organ of most Nymphaeaceae and other ANA-grade angiosperms
My observations on the perianth of Nuphar, Nymphaea and Euryale have
demonstrated that both sepaloid (green) and petaloid (colourful) regions can both 
occur on the abaxial surface of individual perianth organs, and that sepaloid regions 
occur mostly in the parts of the perianth organ that were exposed when the flower was 
in bud (Chapter 3 & 4). My SEM studies have revealed further morphological 
differences between the sepaloid and petaloid areas of Nuphar and Nymphaea, and 
also between the exposed and covered abaxial surfaces of the perianth in Brasenia
and Barclaya (Section 3.2.1). In Nuphar lutea and Nymphaea caerulea, green and 
colourful areas on the perianth differ from each other in trichome density and in the 
presence of papillae, features that often distinguish sepals and petals (Sections 3.2.2; 
3.2.5). In addition, the green patches in both species share a typical sepal 
characteristic i.e. they are morphologically similar to their leaves (Section 3.3.1). The 
morphological differences between the green and colourful patches, in addition to their 
sepal- and petal-like characteristics, support their classification as sepaloid and 
petaloid, respectively. 
Characteristics of the perianth of Illicium and Schisandra (Austrobaileyaceae) and 
literature on Amborella suggest that sepal-petal differentiation within individual perianth 
organs probably also occurs in other ANA-grade angiosperms (Section 3.2.10). My 
examination of Illicium parviflorum found that the exposed areas of the perianth are 
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brown/green and trichomes are common, similar to the sepaloid patches of Nuphar. In 
contrast, SEM observations revealed few differences between green and colourful 
regions in tepals of Schisandra, though at late stages of bud development the sepaloid 
patches appear to be confined to the exposed areas of the perianth (Sections 
3.2.10.2.2; 4.2.6). 
6.1.2 Sepalness and petalness are environmentally controlled in the 
perianths of Nuphar and Nymphaea caerulea
The morphological and experimental studies presented here indicate that the 
development of sepaloid patches in perianths of Nuphar and Nymphaea caerulea is 
triggered by environmental exposure (Chapter 4). In many experimental buds, the 
region of tepal that was experimentally exposed developed characteristics similar to 
the green (sepaloid) patches in non-experimental buds. These experimentally induced 
sepaloid patches were generally confined to experimentally exposed areas, while the 
remaining regions of the tepal had a normal, petaloid morphology. These findings imply 
a strong correlation between development of sepaloid patches and environmental 
exposure. 
This investigation has established that multiple environmental factors are involved in 
initiating sepalness; although light is important, other factors could be involved. In non-
experimental buds, sepaloid patches formed in areas of the perianth that were not 
exposed to light. During experiments on Nymphaea caerulea, sepaloid characteristics 
developed in experimentally exposed parts of covered buds (Section 4.2.5.1). The 
position and shape of the covered green patches from non-experimental buds suggest 
that the absence of physical contact with covering tepals appears to be an additional 
environmental cue. Bud age was an important factor in their response to exposure. 
Buds that were subjected to experiments commencing at early stages of development 
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were more likely to develop sepaloid characteristics on their tepals than those exposed 
at later stages (Section 4.3.2.1).
Development of sepaloid and petaloid patches in Schisandra appears to be complex 
and could be partially environmentally controlled (Sections 4.2.6; 4.2.7). In young buds, 
the colourful margins of the tepals occurred in exposed regions of the perianth, 
suggesting that their development is not environmentally controlled. However, at later 
stages of bud development, when the tepals begin to turn colourful, the sepaloid 
patches of inner tepals appear to be confined to the exposed areas. Unfortunately, 
results from field experiments were inconclusive due to difficulties in working with 
young flower buds of Schisandra, so determination of whether sepalness in the 
perianth of Schisandra is initiated by exposure requires further study.
Experimental results from Nuphar and Nymphaea have demonstrated that re-
specification of developmental fate can occur relatively late in flower development. In 
eudicots, organ specification has primarily been studied using only gene expression in 
very early stage developing buds (section 4.3.2.1). My results support previous reports 
that suggest that in non-core eudicots developmental specification of organ identity can 
occur very late (Kramer & Irish 2000; Kramer et al. 2003, 2007; Kim et al. 2005). 
Therefore, in order to gain a comprehensive understanding of flower development in 
non-core eudicots, both late and early gene expression should be examined.
6.1.3 B-class genes may control differentiation between the sepaloid 
and petaloid patches on individual tepals 
To test whether B-class genes could specify the distinction between the sepaloid and 
petaloid patches I performed an RNA in-situ hybridisation (ISH) study on experimental 
buds (Chapter 5). The results from one ISH run on Nuphar indicated that PI expression 
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was much lower in the sepaloid areas of the tepals (Section 5.2.2.2). B-class 
expression was also relatively low in the green experimentally exposed area compared 
with the surrounding petaloid regions that were covered. PI expression therefore 
appears to be under environmental control in tepals of Nuphar. Unfortunately, due to 
high background staining and/or weak signal in the remaining runs I was unable to 
confirm this outcome or to obtain any information on AP3 expression in Nuphar lutea
and B-class expression in Nymphaea caerulea. During most of the ISH runs, the 
antisense and control slides exhibited the same staining pattern, demonstrating that 
staining was non-specific. The cause of the high background could be due to non-
specific binding of the RNA probe and/or the anti-DIG antibody or low signal from the 
probe-endogenous RNA hybrids. In Nymphaea, non-specific staining commonly 
occurred in the upper epidermal layers, which presumably have increased secondary 
chemical deposition due to their aquatic habit. Investigations by other groups working 
on Nymphaeales have also reported high background in the abaxial epidermis, 
suggesting that the standard ISH protocol is not appropriate for this aquatic family. In 
Section 5.3.2 2 I discuss a number of modifications to the ISH protocol that could help 
minimise non-specific background in the Nymphaeales.
6.1.4 Environmental control of sepal-petal differentiation within 
individual perianth organs could occur in other angiosperms – a new 
theory on the evolution of the dimorphic perianth
My preliminary observations suggest that lineages outside Nymphaeaceae also display 
sepaloid and petaloid patches on individual tepals (Sections 3.2.10; 3.2.11). These 
include another ANA-grade angiosperms such as Illicium (Illiciaceae), the magnoliids 
Anemopsis californica (Saururaceae) and Magnolia acuminata (Magnoliaceae), 
monocots such as Alstroemeria (Alstromeriaceae) and Ornithogalum umbellatum
(Hyacinthaceae), the early-divergent eudicot Berberis thunbergii (Berberidaceae), the 
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eurosid Hypericum (Hypericaceae) and possibly the basal angiosperm Amborella. 
Furthermore, apart from Ornithogalum umbellatum sepaloid areas appear to develop in 
exposed regions of the perianth, whereas the remaining covered areas are petaloid. 
This implies that environmental control of sepal-petal differentiation could also occur in 
these lineages and is not an apomorphy of Nymphaeaceae. 
The presence of this characteristic in three early-divergent angiosperm lineages 
(Nymphaeaceae, Schisandraceae and possibly Amborella) indicates that this could 
represent the plesiomorphic condition for the angiosperms (Fig. 17). If future research 
confirms that in waterlillies and other ANA-grade angiosperms B-class expression is 
restricted to petaloid patches of the perianth and is turned off in sepaloid areas of the 
tepals this would imply that sepalness and petalness are specified in early-divergent 
angiosperm lineages in the same way as sepals and petals are specified in higher 
eudicots. Thus, the preliminary findings from this study support the Mosaic theory for 
the evolution of the dimorphic perianth, in which (1) early in angiosperm evolutionary 
history there was a distinction between sepalness and petalness, but these features 
were not fixed to particular organs and were primarily environmentally controlled; (2) At 
a later stage in angiosperm evolution, sepalness and petalness became fixed to whole 
organs in specific whorls, resulting in distinct sepals and petals, thus reducing or 
removing the need for environmental control in favour of fixed developmental control. 
This theory is consistent with, but more specific than, the "Fading Borders" model 
postulated by Buzgo et al. (2004, 2005) and is also supported by the results of Kim et 
al. (2005). Their studies found that expression of floral organ identity genes in early-
divergent angiosperms (and hence possibly in angiosperm ancestors) was much 
broader than in flowers of eudicots. In the eudicot perianth, B-gene expression broadly 
follows the ABC model and its derivatives: B-class genes are expressed in the petals 
(the inner perianth series) and stamens (Coen & Meyerowitz 1991; Angenent et al. 
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1993; Pelaz et al. 2000; Theissen 2001; Ditta et al. 2004). In contrast, in the early-
divergent angiosperms Nuphar and Amborella, B-gene expression also occurs 
throughout the flower, at least at early developmental stages (Kim et al. 2005: Buzgo et 
al. 2004, 2005). This broad gene expression has been hypothesised to reflect gradual 
perianth differentiation from outer sepaloid to inner petaloid organs. However, my 
results show that tepals in many ANA-grade angiosperms are not morphologically 
uniform, indicating a possible similar gradation in gene expression. The gradation 
inherent in the Fading Borders model implies uniformity of individual tepals or focuses 
on an average morphology of each tepal, whereas I stress the presence of distinct 
morphological regions on individual tepals as the first step leading to the evolution of 
distinct sepal and petal organs. 
The broad expression of floral organ identity genes in early-divergent angiosperms, 
and hence possibly (by inference) in ancestral angiosperms, indicates that in early 
angiosperms lineages B-gene expression and petaloid identity are not fixed to any 
particular floral organ and can occur throughout the flower. It is possible that late 
expression of B genes is less extensive, and/or post-transcriptional regulation could 
limit B-gene function to petaloid regions in early-divergent angiosperms; if so, B-gene 
function could have specified petalness (in addition to stamens) even to the base of 
angiosperms. B-gene expression is found in petals but not sepals of angiosperms
outside the eudicots, including the basal angiosperm Asimina (Magnoliales) (Kim et al. 
2005). Such expression patterns outside the eudicots have been explained as cases of 
parallel recruitment of these genes from their original function in stamen identity
(Becker et al. 2000, 2002; Kramer & Irish 2000; Kramer et al. 2003; Kim et al. 2005). 
However, if B-genes specified petalness before distinct petal and sepals appeared, 
then no parallelism is required as implied by these cases. The only possible parallel 
would be in the mechanisms used to fix sepalness and petalness to entire organs in 
specific whorls. Mechanisms that control expression regions of B genes are only partly 
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understood in Arabidopsis and are not known in other plants, so comparison of such 
systems cannot currently be done.
6.2 Future directions: Testing the Mosaic theory
6.2.1 Determine the mechanisms that control sepal-petal 
differentiation within the tepals of Nuphar and Nymphaea 
This project has established that in Nuphar and Nymphaea caerulea the sepaloid and 
petaloid patches of the perianth are morphologically different and their positions on 
individual tepals are environmentally controlled. Future studies should concentrate on 
building a more comprehensive understanding of the mechanisms involved in the 
control of sepal-petal differentiation in these genera by (1) Examining the 
environmental stimuli that cue the sepaloid phenotype; (2) identifying the gene cascade 
that controls the development of the sepaloid patches; (3) studying other early-
divergent angiosperms to examine whether the mechanisms identified in 
Nymphaeaceae occur in other lineages and could be basal in the angiosperms.
6.2.1.1 Examining environmental cues that initiate sepalness 
This thesis has found that light is one of the important environmental cues involved in 
the development of the sepaloid patches of Nuphar and Nymphaea. Further research 
could determine which photoreceptor systems are involved in the regulation of sepal-
petal differentiation. In plants there are three photoreceptor systems red/far-red 
absorbing phytochromes, UV-A/ blue-light absorbing cytochromes and unidentified UV-
B photoreceptors (Kenrick & Kronenberg 1994). These photoreceptors transmit 
information from the incoming light source to putative transcription factors that control 
gene expression (Nagatani et al. 1993; Huq et al. 2000; Ma et al. 2001; Tepperman et 
al. 2001). I have found that buds of Nuphar lutea can be removed from the plant and 
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survive in water for around three days. Furthermore, the tepals from these buds still 
respond to exposure and can develop sepaloid patches in their experimentally exposed 
areas. These detached buds could be exposed to different wavelengths of light to 
establish whether red/ far-red light absorbing phytochromes or blue/UV light-absorbing 
receptors or both are responsible for initiating the development of the sepaloid patches.
The experimental results show that multiple environmental cues initiate sepalness in 
these species. The shape and position of the sepaloid patches on tepals of Nuphar and 
Nymphaea suggest that absence of contact with neighbouring tepals is one of these 
factors. Testing the effect of contact on the tepals of Nuphar and Nymphaea is difficult. 
Preliminary attempts to reduce or modify contacting regions between tepals by placing 
gold leaf or other inert materials between tepals were unsuccessful; once the tepals 
were moved they would not return to their original position and press against areas of 
the underlying perianth organs. Furthermore, placing a plastic band or string around 
the buds to keep the tepal in place often led to bud death. Future studies should 
explore possible ways in which to reduce contact between tepals without killing the 
flower bud or irreversibly disrupting the perianth structure.
Mechanical touching between the tepals could be the environmental stimuli detected 
by the covered tepal. Alternatively, it could be due to a hormone that moves between 
adjacent tepal surfaces, but is lost from exposed surfaces, resulting in reduced 
hormone levels. Metamorphosis in frequently mediated by hormones in plants and 
animals and it is plausible that they could be involved in sepal-petal differentiation. In 
many systems hormone synthesis is regulated by other environmental factors such as 
temperature, nutrient availability and light (Larsen 2003; West-Eberhard 2003). 
Therefore, hormones are often a part of the signal cascade but are not directly 
stimulated by the environmental factor. To determine whether hormones directly or 
indirectly control sepal-petal differentiation in Nymphaeaceae, specimens could be 
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subjected to different hormone treatments. Several studies on aquatic plants have 
already determined methods for examining the effect of different hormones (e.g. 
ethylene, auxin and abscisic acid) on the growth of whole plants (e.g. Cookson & 
Osborn 1978; Ueno et al. 1998), but this project would specifically want to determine 
their effect on flower bud morphology. Detached buds of Nuphar and Nymphaea could 
be exposed to different hormones using the methods described for whole plants. 
Alternatively, in flower buds still attached to the plants, small areas of the tepals could 
be smeared with Lanolin paste containing different hormones. Lanolin is a greasy 
substance that is not readily removed from the bud even in their aquatic environment. 
Further investigations would have to experiment with different techniques to determine 
the best method for examining the response of tepals to various hormones. 
6.2.1.2 Identifying the regulatory gene cascade that controls sepal-petal 
differentiation 
Future studies should try to identify components of the signalling cascade(s) in 
Nymphaeaceae that couple the environment to the differentiation of sepaloid and 
petaloid tepal patches. Nymphaea caerulea would probably be the best candidate for 
this aspect of the project. The petaloid and sepaloid patches of Nymphaea display 
morphological similarities with the petals and sepals of many higher eudicots (i.e. 
papillate cells in the colourful areas, and flat cell plus leaf-like characters in the green 
areas). Therefore, many of the downstream genes in this signal cascade may be 
comparable to those found in model organisms such as Antirrhinum. Nymphaea 
caerulea is a true diploid and is also a more practical species for this work than 
Nuphar.  
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6.2.1.2.1 Identifying genes involved in sepal-petal differentiation
454 sequencing could help to identify genes that are part of the environmentally 
regulated gene cascade, both upstream and downstream of B genes (assuming B
genes specify petalness). 454 sequencing is a fast and efficient method to identify a 
large number of expressed genes and even gives estimates of expression levels.  
Because there is no genome sequence of any Nymphaeales, two to four full plates 
may be required to obtain contigs covering most expressed genes, but this is still much 
more time-effective and economical than a standard EST study. Subsequent Solexa 
sequencing could give better estimates of expression levels, which is more reliable 
than microarray methods. If future studies verify that sepal-petal differentiation within 
individual tepals are specified by B-class genes, 454 sequencing of an inner petaloid 
tepal versus an outer sepaloid tepal of Nymphaea could identify their downstream 
targets. Alternatively, if B-class genes are not involved in sepal-petal differentiation in 
Nymphaeaceae, this technique could identify “candidate” genes whose expression vary 
between the sepaloid and petaloid areas and be involved in specifying the different 
areas. 
RNA ISH using B-class genes, or any other candidate genes, could provide further 
evidence of their function in the perianth Nymphaea. Their expression should be 
examined in non-experimental and experimental buds to establish whether (1) their 
expression is limited to the petaloid or sepaloid patches of the tepals, and (2) if their 
expression is turned off or on in a section of tepal that is environmentally exposed. 
However, future RNA ISH studies of floral developmental genes in Nymphaeales will 
require troubleshooting the standard in-situ protocol to reduce non-specific staining 
or/and increase the true signal, beginning with the ISH steps I have identified as 
possibly problematic (see Chapter 5).
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The promoters of B genes (and/or genes with early expression level changes on 
exposure) could also be sequenced to establish whether they contain known binding 
sites for different environmental response factors. This could help identify members of 
the environmental response cascade that initiate their expression and support their 
environmental control. 
6.2.1.2.2 Functional analyses of environmentally controlled genes in flowers of 
Nymphaeales
To confirm which genes specify sepal-petal differentiation within individual tepals of 
Nymphaea would require altered expression of these candidate genes. Mutant screens 
are not practical for these relatively large and slow growing plants. Traditional 
techniques to down-regulate gene expression using transformation are laborious and 
time consuming; each step of this technique has to be modified for the species under 
study and development of an effective transformation technique can take several 
years. A faster method to test function by gene knock-down is Virus Induced Gene 
Silencing (VIGS). This method has been effective in a number of plants and does not 
require multiple generations to be achieved. Kramer and her co-workers have adapted 
the VIGS technique proposed by Burch-Smith et al. 2006, to successfully silence PI
expression in flowers of the basal eudicot Aquilegia (Gould & Kramer 2007; Kramer et 
al. 2007). Theoretically, these methods might be modified to assess AP3- and PI-
function in Nymphaea. However, it is unknown whether VIGS could easily be adapted 
to these large aquatic plants. Silencing using VIGS also exhibits some of the problems 
inherent to traditional methods of examining gene function using transformation. It can 
be unpredictable and silencing is variable, with only a small percentage of exhibiting 
strong silencing. In the study by Gould and Kramer (2007) only 12% out of 229 
Aquilegia plants displayed the strong phenotype and Wege et al. (2007) found that in 
Eschscholzia californica strong down-regulation of gene expression occurred in only 
8% of 550 flowers from silenced plants. Therefore, in order to successfully generate a 
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sufficient number of flowers with reduced B-function a large population of Nymphaea 
caerulea would have to undergo silencing. Nymphaea caerulea populations need at 
least a metre between each plant in order for individuals to reach maturity and begin 
flowering, so the space required to grow such a population may not be readily 
available. However, plants of some other species of Nymphaea and also their close 
relative Cabomba are much smaller at maturity, so a large number could be grown in a
smaller area. Down-regulating B-class genes may turn out to be impractical in 
Nymphaea caerulea but such data might be generated using VIGS in other Nymphaea
and Cabombaceae.
6.2.2 Similar research on other ANA-grade angiosperms that display 
sepal-petal differentiation within individual perianth organs
The results of this study have clearly demonstrated that environmental control of sepal-
petal differentiation occurs in the early-divergent angiosperm family Nymphaeaceae. In 
order to test the hypothesis that this feature also occurred in the early angiosperms 
and is not merely a derived characteristic of waterlilies, a similar investigation would be 
required on other basal angiosperms that display sepaloid and petaloid patches on the 
same perianth organ (Sections 3.2.10; 3.2.11). A detailed survey of the presence of 
absence of this trait in basal angiosperms would clarify whether this condition could be 
plesiomorphic or originated independently in multiple lineages. 
Future studies should concentrate on members of the three early-divergent 
angiosperm clades Amborella, Nymphaeales and Austrobaileyaceae (i.e., the ANA-
grade), to determine whether the mechanisms involved in specifying sepalness and 
petalness in Nymphaeales occur in other early-divergent lineages, and which aspects 
of such environmental control could be basal to the angiosperms. My preliminary study 
on the perianth of Schisandra has revealed that, despite its ready availability, this 
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genus is probably not the best representative of the Austrobaileyales for this project. 
During experiments on Schisandra rubriflora and Schisandra sphenanthera it was 
difficult to manipulate the small flower buds, and young flowers rarely survived the 
experiments. Consequently, the results were inconclusive. Furthermore, virtually all the 
buds develop concurrently, which posses additional practical difficulties. Another genus 
of Austrobaileyales that should undergo further study is Illicium (Schisandraceae). 
Flowers of Illicium parviflorum show sepaloid and petaloid patches on the same 
perianth organ and their relative positions suggest that they could be environmentally 
controlled (Section 3.2.10.2.1). The flowers of Illicium should be easier to manipulate in 
experiments. Their flowers are larger than Schisandra and they develop singly and 
over a considerable period of time, greatly facilitating experimental work. 
The Mosaic theory proposed in this thesis, is a new model on the evolution of sepals 
and petals in the angiosperms. New evolutionary models are only valuable if they can 
be tested and, as demonstrated in this chapter, this theory can be assessed using the 
methods suggested in these future directions. Further studies should concentrate on 
examining the mechanisms that control sepal-petal differentiation in the 
Nymphaeaceae and in other early-divergent lineages. If environmental influence on the 
development of sepaloid and petaloid patches is confirmed in other ANA-grade 
angiosperms, then additional studies should investigate whether their signal cascades 
are similar – and possibly homologous – to those of Nymphaea.  If so, that would 
support homology of environmental control of sepalness and petalness and my theory 
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Appendix A: PCR primers designed for this project
Table A1: AP3 and PI homologes from Nuphar and Nymphaea, used to design gene specific 
primers
Species Gene name Genbank accession
Nuphar advena Nu.ad.AP3.1 DQ004464
Nuphar advena Nu.ad.AP3.2 DQ004465
Nuphar advena Nu.ad.PI AY337736
Nuphar japonica Nu.ja.AP3.1 AB158357
Nuphar japonica Nu.ja.AP3.2 AB158358
Nuphar japonica Nu.ja.PI.1 AB158359
Nuphar japonica Nu.ja.PI.2 AB158360
Nuphar variegata Nu.va.AP3.1 AY337745
Nuphar variegata Nu.va.AP3.2 AY337746
Nuphar variegata Nu.va.PI AY337737
Nymphaea species Ny.AP3.I AY436740
Nymphaea species Ny.AP3.II AY436741
Nymphaea species Ny.AP3.III AY436742
Nymphaea species Ny.AP3.IV AY436743
Nymphaea species Ny.PI AY436744
Nymphaea tetragona Ny.t.AP3.1 AB158351
Nymphaea tetragona Ny.t.AP3.2 AB166793
Nymphaea tetragona Ny.t.PI AB158352
Table A2: Gene specific primers used to amplify partial sequences of AP3 and PI homologues 


























NuphPI 3 L GCTAATTGCTATGGAAACAA
NuphPI 6 R T7 TAATACGACTCACTATAGGGAAACATAAACGTAGTACTAAG
Nu.lu.PI
sense
NuphPI 5 R AAACATAAACGTAGTACTAAG
NuphPI 4 L T7 TAATACGACTCACTATAGGGGCTAATTGCTATGGAAACAA
Nu.lu.AP3
anti-sense
NuphAP3 7 L CAACTGTACCTTTGAAGAAAGTGAA
NuphAP3 10 T7 TAATACGACTCACTATAGGGACTTAGCCTAATTAAGGGTCC
Nu.lu.AP3
sense
NuphAP3 9 R ACTTAGCCTAATTAAGGGTCC
NuphAP3 8 L T7 TAATACGACTCACTATAGGGCAACTGTACCTTTGAAGAAAGTGAA
Nu.lu.AP3.1 
anti-sense
NuphAP3-1 3 L CGATCAGTATTGGATAACAA
NuphAP3-1 6 R T7 TAATACGACTCACTATAGGGGAGTGGTTGCTTTGTTTTCAC
Nu.lu.AP3.1 
sense
NuphAP3-1 5 R GAGTGGTTGCTTTGTTTTCAC
NuphAP3-1 4 L T7 TAATACGACTCACTATAGGGCGATCAGTATTGGATAACAA
Ny.ca.AP3
anti-sense
NympAP3 1 L GATGAAAGTGAAGATAATTATG
NympAP3 4 R T7 TAATACGACTCACTATAGGGATTTCATACTTTAGACTGTCC
Ny.ca.AP3
sense
NympAP3 3 R ATTTCATACTTTAGACTGTCC








NympPI 5L T7 TAATACGACTCACTATAGGGGAGTTGGATAGGATCAGAAA
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Appendix B: In-situ hybridisation protocol
Summary of Jeff Long’s in-situ hybrdisation protocol with modifications by Karen 
James
Non-radioactive in-situ hybridisation 
1. Deparaffinise and rehydrate slides
2x 10 min 100% histoclear
2x 2 min 100% ethanol
2 min 95% ethanol
2 min 90% ethanol
2 min 80% ethanol
2 min 60% ethanol
2 min 30% ethanol
2 min Water
20 min 2X SSC
2. Digest proteins around target gene
30 min 1g/ml proteinase K in 100mM Tris pH 8, 50mM EDTA at 370C
2 min 2mg/ml glycine in PBS
2 min PBS
2 min PBS
3. Inactivation of endogenous enzymes and acetylation of tissue
10 min 4% paraformaldehyde in PBS pH 7
2x 5 min PBS
2x 5 min 0.5% Acetic anhydride in 0.1M triethanolamine pH8 – stirred continuously
2x 5 min PBS
4. Dehydrate slides
30 sec 30% ethanol 
30 sec 60% ethanol 
30 sec 80% ethanol 
30 sec 90% ethanol 
30 sec 95% ethanol 
2x 30 sec 100% ethanol 
60 min < Small amount of 100% ethanol at bottom of trough to dry slides
5. in-situ hybridisation 
Air dry slides on paper towels 
2 min Heat each probe to 800c in 50% formamide and immediately ice
Mix probe with hybe solution (1:4 probe:hybe)
Add 200l of probe:hybe to slide and sandwich with another probe on-plus slide
Elevate slides above wet towels in plastic box. Seal box with parafilm. 
Overnight Hybridise overnight in a 50-550C oven
In-situ post-hybridisation
6. Remove unhybridised and unspecifically bound RNA
Separate slides 2X SSC and place in new rack
2x 60 min 2X SSC at 550C
2x 5 min NTE at 370C with gentle agitation 
30 min 20g/ml RNase A in NTE at 370C with gentle agitation
2x 5 min NTE at 370C with gentle agitation 




Place slides at bottom of large plastic container and cover with:
45 min 1% Boehringer block in 100mM Tris pH 7.5, 150mM NaCl with gentle agitation
45 min 1% BSA in 100mM Tris pH 7.5, 150mM NaCl, 0.3% Triton with gentle agitation
8. Incubate slides with DIG antibody
Dilute anti-DIG FAB fragments antibody (Roche) 1:2000 in above 
BSA/Tris/NaCl/Triton solution. 
Sandwich slides together, place in antibody solution and allow capillary action 
to pull up solution. Drain on Kimwipes and repeat. 
2 hrs Elevate slides above wet towels in plastic box and leave at room temp.
9. Remove unbound antibody
Drain slides on Kimwipes, separate and place at bottom of large plastic 
container and cover with:
4x 15 min BSA/Tris/NaCl/Triton solution with gentle agitation 
10 min 100mM Tris pH 9.5, 100mM NaCl, 50 mM 
Dip slides in Tris 9.5/NaCl/MgCl2 to wash off detergent
10. Incubate slides with substrate solution
Sandwich slides together, place in substrate (22l NBT and 16l BCIP in 10ml 
Tris 9.5/NaCl/MgCl2) solution and allow capillary action to pull up solution. 
Drain on Kimwipes and repeat.
1-3 days Elevate slides above wet towels in plastic box and leave in total darkness at room temp until staining becomes visible.
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Appendix C: Results of light experiments
Key to the abbreviations 
Y = Yellow N1 = Nuphar species (1967-19761)
G = Green N2 and N3 = two un-accessioned Nuphar specimens
P = Purple NL/B = Nuphar luteum at Battle
W = White NL/SH = Nuphar luteum at Small Hythe
R = Red NYCA = Nymphaea caerulea (1996-1651)
Pi = Pink NYCB = Nymphaea caerulea (2005-2052)
L = Light NYN = Nymphaea nouchali (1988-1927)
D = Dark NY.M = Nymphaea L. “Midnight” (2002-537)
T = Tip of tepal NY.RK = Nymphaea L. “Ronda Kay” (1996-1657)
S = stripes SchR = Schisandra rubriflora (1969-19804)
+ = with SchS = Schisandra Spenanthera (1969-19805)
SEP = in Nymphaea means 
dark green with stripes 
EE areas that are highlighted showed a positive reaction to exposure. See text for 
explanations.       











Colour of EE at 
start of 
experiment
Colour of EE at 
end of 
experiment
NotesHole 1 Hole 2 Hole 1 Hole 2
N1 1 0.5 8 YG YG G G
N2 1 1.5 15 Y G Y G
N2 2 1.5 7 G − G −
N3 3 2 8 YG − YG −
N3 4 1.2 8 LG − LG −
NA 1 1.2 8 Y − G −
NA 2 1.5 21 LG − D.G −
NA 3 0.5 14 LG − G −
NA 4 0.5 7 LG − G −
NA 5 2 12 YG − G −
NL/B 1 0.2 16 − − YG G
Bud not visible from 
surface at start of the 
experiments
NL/B 2 2 16 YG YG G G
NL/B 3 1 16 − − LG −
Bud not visible from 
surface at start of the 
experiments
NL/B 4 1.5 9 YG − Y −
NL/B 5 1 9 − − G −
Bud not visible from 
surface at start of the 
experiments
NL/B 6 1 9 − − G −
Bud not visible from 
surface at start of the 
experiments
NL/B 7 1 9 − − G −
Bud not visible from 
surface at start of the 
experiments
NL/B 8 1.5 8 YG − LG LG
228
NL/SH 1 3 7 Y Y Y G
NL/SH 2 2 7 Y Y Y Y
NL/SH 3 2.6 7 G Y G Y
NL/SH 4 2 7 Y G G G
NL/SH 5 1 7 G Y G Y
NL/SH 6 2.5 7 G G G G
NL/SH 7 2 7 G G G G
NL/SH 8 1.5 7 G G G G











Colour of EE at 
start of 
experiment
Colour of EE at 
end of 
experiment
NotesHole 1 Hole 2 Hole 1 Hole 2
NA 6 1 14 LG LG Y Y
NL/B 9 1 8 − − Y Y Bud not visible from surface at start
NL/B 10 1 8 − − Y Y Bud not visible from surface at start
NL/B 11 1.5 8 − − Y Y Bud not visible from surface at start
NL/B 12 2 7 YG YG YG YG
NL/B 13 2 7 YG YG YG YG
NL/B 14 1 7 ? − PY − Bud not visible from surface at start
NL/SH 9 2 14 G G Y Y
NL/SH 10 2.4 14 Y Y Y Y
NL/SH 11 2.5 7 Y Y Y Y
NL/SH 12 1.8 7 Y Y Y Y
NL/SH 13 2 7 G G G G
NL/SH 14 2.8 7 Y Y Y Y
NL/SH 15 1.4 7 G G G G
NL/SH 16 2 7 G G YG YG
NL/SH 17 2 7 G G Y Y
NL/SH 18 2 7 G Y Y Y
NL/SH 19 2.5 7 G G Y Y
NL/SH 20 2 7 Y Y Y Y
NL/SH 21 1.5 7 G G Y Y
NL/SH 22 1.5 7 G G Y Y
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Colour of EE at start 
of experiment
Colour of EE at end of 
experiment
Hole 1 Hole 2Covered Hole 1
Hole 2
Covered
NL/SH 23 1.5 14 Y Y Y Y
NL/SH 24 2.2 14 G Y G Y
NL/SH 25 1.5 7 Y Y Y Y
NL/SH 26 2.9 7 Y Y Y Y
NL/SH 27 3 7 Y Y G Y
NL/SH 28 2 7 G G G G
NL/SH 29 2.6 7 Y G Y/G YG
NL/SH 30 2.2 7 Y G YG G
NL/SH 31 1 7 Y Y Y Y
NL/SH 32 2.5 7 Y Y Y YG
NL/SH 33 2 7 G Y Y Y
NL/SH 34 2.3 7 G G YG Y
NL/SH 35 2 7 YG YG YG YG
NL/SH 36 2.5 7 YG G Y YG
NL/SH 37 2 7 G G G G
NL/SH 38 1.5 7 G Y Y G
NL/SH 39 1.5 7 YG YG G Y
NL/SH 40 1 7 G Y G Y
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Colour of EE at 
start of 
experiment
Colour of EE at 
end of 
experiment
NotesHole 1 Hole 2 Hole 1 Hole 2
NyC A 1 2 16 P G G G
NyC A 2 3 16 P P G G
NyC A 3 5.5 6 P P G G
NyC A 4 6 7 P P P G
NyC A 5 1 12 W − G+S −
NyC A 6 1 16 W − G+S −
NyC A 7 1 − P − G −
NyC A 8 0.5 − W − G+S −
NyC B 1 3.2 6 G P G G
Green around hole and 
small part of exposed 
area
NyC B 2 1.7 6 P P G GP
NyC B 3 1.5 6 P P G LG Small patch of EE area is LG
NyC B 4 1.4 6 P P P PG Green in second hole is very pale
NyC B 5 0.9 6 L.P − P+S − Small part of EE area of 2nd whorl tepal is green 
NyC B 6 2.4 6 P+ S P PG+S  YP Green area larger then area exposed 
NyC B 7 1 6 W P P P Green around hole/damage 
NyC B 8 1 8 PY − PG+S −
NyC B 9 0.5 8 PY − SEP −
NyC B 10 1.6 8 G PG LP P
NyC B 11 2 8 LY LY/G PG PG
NyC B 12 1 14 LY − SEP −
NyC B 13 0.5 8 LP − Y + S − Only small area exp
NyC B 14 0.7 8 LP − SEP −
NyC B 15 0.6 14 LP − SEP −
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Colour of EE at 
start of 
experiment
Colour of EE at end 
of experiment
Notes
Hole 1 Hole 2 Hole 1 Hole 2
NyC A 9 3 10 G G P P
NyC A 10 4 9 G P G P
NyC B 16 2.5 9 P P P P
NyC B 17 2 8 LP P P LP
NyC B 18 2 8 P P P P
NyC B 19 1 8 P.Y − P/Y + S − Outer tepals yellow with dark stipes.
NyC B 20 1 8 P.Y − P/Y + S − Outer tepals yellow with dark stipes.
NyC B 21 0.5 8 P.Y − Y + S − Outer tepals yellow with dark stipes.
NyC B 22 1 14 P W P P
NyC B 23 2 7 P − P −
NyC B 24 1.5 18 P − P + S −
NyC B 25 0.5 18 P − P + S −
NyC B 26 2.5 7 P − P −
NyC B 27 1.2 7 W  + PT − P −
NyC B 28 0.6 15 W − Y + S −
NyC B 29 0.7 7 W − P −
NyC B 30 2.2 15 W − P + S −
NyC B 31 0.5 8 W − P/W −
NyC B 32 0.5 8 W − P + S −
NyC B 33 0.7 11 W + PT − P −
NyC B 34 2 12 L.P − P + S −
NyC B 35 0.8 15 W − P + S −
NyC B 36 1 7 W + PT − Y + S −
NyC B 37 1 7 W + PT − P + S −
NyC B 38 0.6 7 W + PT − P/G −
NyC B 39 0.5 11 W − P −
NyC B 40 0.5 11 W − P −
NyC B 41 0.6 7 W − P + S −
NyC B 42 1.3 7 W − P/Y + S −
NyC B 43 2.1 7 P − P −
NyC B 44 2 7 P − P + S −
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Colour of EE at start of 
experiment
Colour of EE at end of 
experiment
Hole 1 Hole 2Covered Hole 1
Hole 2
Covered
NyC B 45 1 3 W W G + W P
NyC B 46 1.1 − W W W W
NyC B 47 0.5 7 P P P P
NyC B 48 1 7 L.P L.P G/P P











Colour of EE at 
start of experiment
Colour of EE at end 
of experiment
NotesHole 1 Hole 2 Hole 1 Hole 2
NyN 1 6 6 P P P P 
NyN 2 6.5 3 P G P G Entire tepal under hole 2 was green
NyN 3 4 9 P P P P 
NyN 4 5 9 P P P P 
NyN 5 3 11 G P G G 
NyN 6 3.5 12 P P P P 
NyN 7 4 10 P P G P 
Sepaloid area under 
hole 1 larger than 
EE area
NyN 8 5 9 P P P P 
NyN 9 5 18 P P G P 
Sepaloid area under 
hole 1 larger than 
EE area
NyN 10 3 18 P P G P 
Sepaloid area under 
hole 1 larger than 
EE area
NyN 11 4.5 9 P P G P 
Sepaloid area under 
hole 1 larger than 
EE area
NyN 12 3 14 P P P G 
Sepaloid area under 
hole 2 larger than 
EE area
NyN 13 2 7 P P G P 
NyN 14 3 11 W − P −
NyN 15 1 12 W − P −
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Colour of EE at 
start of experiment
Colour of EE at end 
of experiment
NotesHole 1 Hole 2 Hole 1 Hole 2
NyN 16 6.5 6 P G P G Entire tepal under hole 2 was sepaloid 
NyN 17 5 10 P P P P 
NyN 18 4 9 P P P P 
NyN 19 4.5 9 P P P P 
NyN 20 4 9 P P P P 
NyN 21 3 9 P P P P 










Colour of EE at 
start of experiment
Colour of EE at end 
of experiment
NotesHole 1 Hole 2 Hole 1 Hole 2
NyN 22 5.5 6 P P P G 
NyN 23 2.5 10 P P P G 
NyN 24 4 9 P P P P 
NyN 25 5 9 P P P P 
NyN 26 3 11 P P P P 
NyN 27 3.5 12 P P G P 
Sepaloid area under 
hole 1 larger than 
EE area
NyN 28 4 10 P P P P 
NyN 29 5 9 P P P P 
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Colour of EE at 
start of experiment
Colour of EE at 
end of experiment
Hole 1 Hole 2 Hole 1 Hole 2 Notes
NYRK 1 4.5 7 P P P P
NYRK 2 5 11 P P P P
NYRK 3 2 11 P P P P
NYRK 4 3.5 9 P P L.G R
NYRK 5 4 9 P P P P
NYRK 6 2 8 P P P P
NYRK 7 1 8 P P P P
NYRK 8 1.5 9 P − P −
NYRK 9 1 9 P − P −
NYRK 10 2 13 P − P −
NYRK 11 1 15 Pi − P −
NYRK 12 1.5 8 Pi − P −
NYRK 13 0.5 9 Y.W − P −
NYRK 14 0.5 13 Y.W − P −
NYRK 15 1.5 10 Y.W − P −
NYM 1 3 9 P R P R
NYM 2 3 9 R P R P
NYM 3 3.5 9 R R R R
NYM 4 2.5 9 R.G R R.G R
NYM 5 2.5 8 P P P P
NYM 6 2.5 8 P P P P
NYM 7 1.5 13 G G P P
NYM 8 1 13 G G P P
NYM 9 1 15 G − P −
NYM 10 2 8 Y − P −
NYM 11 1.5 13 Y − P −
NYM 12 0.5 13 Y − P −
NYM 13 1.5 9 W − P −
NYM 14 0.5 9 Y.W − P −
NYM 15 1 6 Y.W − P −
NYM 16 0.5 13 Y.W − P −
Some green 
areas
NYM 17 0.4 13 Y.W − P −
NYM 18 1 13 P − P −
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Colour of EE at 
start of experiment
Colour of EE at end of 
experiment
Hole 1 Hole 2 Hole 1 Hole 2
NYRK 16 3 8 P P P P
NYRK 17 2.5 15 P P P P
NYM 19 3.5 9 P P P P
NYM 20 3.5 9 P P P P
NYM 21 2.5 8 P P P P








Colour of EE at start 
of experiment
Colour of EE at end 
of experiment
Hole 1 Hole 2Covered Hole 1
Hole 2
Covered
NYRK 18 4.5 7 P P P P
NYRK 19 3.5 7 P P P P
NYRK 20 1.5 11 R R R R
NYM 22 2.5 11 R G G R
NYM 23 3 18 G G G G
NYM 24 1.5 18 G G G G
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Colour of EE at start 
of experiment
Colour of EE at end 
of experiment
Hole 1 Hole 2 Hole 1 Hole 2
SchR 1 0.5 5 D.G D.G R R
SchR 2 0.1 13 G − G −
SchR 3 0.5 13 R − R −
SchR 4 0.4 13 G.R − R −
SchR 5 0.6 6 R − R −
SchR 6 0.5 6 R − R −
SchR 7 0.5 6 R − R −
SchR 8 0.5 6 R − R −
SchR 9 0.5 6 R − R −
SchS 1 0.2 18 G G G G
SchS 2 0.5 18 R R D.R D.R
SchS 3 0.1 7 G G G G
SchS 4 0.1 7 G G G G
SchS 5 0.1 15 G G R R
SchS 6 0.2 10 G G G G
SchS 7 0.5 7 R − G −
SchS 8 0.5 7 R − R −
SchS 9 0.5 7 R.G − G −











Colour of EE at start of 
experiment
Colour of EE at end 
of experiment
Hole 1 Hole 2 Hole 1 Hole 2
SchR 10 0.3 17 G G R G
SchR 11 0.5 15 R − R −
SchR 12 0.5 15 R.G − R −
SchR 13 0.5 15 R.G − R −
SchS 10 0.5 18 G G G G
SchS 11 0.3 10 G G G G
SchS 12 0.2 10 G G G G
SchS 13 0.5 10 G G G G
SchS 14 0.3 10 G G G G
SchS 15 0.3 4 G G G G
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Appendix D: Statistical analysis of experimental results to identify 
explanatory variables of interest
Abbreviations: Binary; 0 = no response and 1 = response to exposure. Sites; Kew = Jodrell 
pond A, Kew.A = Jodrell pond B, Kew.B = Tropical nursery, Kew.C = Jodrell Glass, Kew.D = 
Princess of Wales Conservatory and Kew.E = 
Analysis D1: Species
(table(binary,Species))
      Species
binary N.advena N.lutea Ny.caerulea Ny.Midnight Ny.nouchali Ny.Ronda
     0        2      95          37          36          49       31
     1        5      14          43           2           7        1
      Species
binary S.rubriflora S.sphenanthera
     0           14             26
     1            1              1
> sp<-as.matrix(table(binary,Species))
> chisq.test(sp,correct=F)
        Pearson's Chi-squared test
data:  sp 




      Site
binary Battle Kew Kew.A Kew.B Kew.C Kew.D Kew.E Small.Hythe
     0     18   2     6    72    32    49    40          71
     1      4   0     6    14    32     7     2           9
> chisq.test(si,correct=F)
        Pearson's Chi-squared test
data:  si 
X-squared = 55.228, df = 7, p-value = 1.344e-09
Analysis D3: The number of EE areas
table(binary,hole)
      hole
binary   1   2
     0 164 126
1    59  15
prop.test(c(59,15),c(164+59,126+15))
        2-sample test for equality of proportions with continuity 
correction
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data:  c(59, 15) out of c(164 + 59, 126 + 15) 
X-squared = 12.3874, df = 1, p-value = 0.0004322
alternative hypothesis: two.sided 
95 percent confidence interval:
0.07531969 0.24106234 
sample estimates:
   prop 1    prop 2 
0.2645740 0.1063830
Analysis D4: Light exposure
table(binary,Light)
      Light
binary  No Yes
     0 137 153
     1  16  58
>  prop.test(c(16,58),c(137+16,153+58))
        2-sample test for equality of proportions with continuity 
correction
data:  c(16, 58) out of c(137 + 16, 153 + 58) 
X-squared = 14.848, df = 1, p-value = 0.0001165
alternative hypothesis: two.sided 
95 percent confidence interval:
-0.25327379 -0.08733892 
sample estimates:
   prop 1    prop 2 
0.1045752 0.2748815




glm(formula = binary ~ Light + Site + Species + hole, family = 
binomial)
Deviance Residuals: 
    Min       1Q   Median       3Q      Max  
-1.9398  -0.4848  -0.2866  -0.1025   3.1640  
Coefficients: (3 not defined because of singularities)
                       Estimate Std. Error z value Pr(>|z|)    
(Intercept)             16.4721  1073.1099   0.015   0.9878    
LightYes                 1.9373     0.4141   4.678 2.89e-06 ***
SiteKew                -31.8288  1989.6878  -0.016   0.9872    
SiteKew.A               -0.9957     1.2408  -0.802   0.4223    
SiteKew.B              -20.5920  1073.1102  -0.019   0.9847    
SiteKew.C              -20.9560  1073.1104  -0.020   0.9844    
SiteKew.D              -18.7961  1073.1098  -0.018   0.9860    
SiteKew.E              -20.0478  1073.1102  -0.019   0.9851    
SiteSmall.Hythe         -0.4651     0.7006  -0.664   0.5068    
SpeciesN.lutea         -18.1650  1073.1096  -0.017   0.9865    
SpeciesNy.caerulea       4.7464     1.1978   3.963 7.42e-05 ***
SpeciesNy.Midnight       0.5685     1.2573   0.452   0.6512    
SpeciesNy.nouchali          NA         NA      NA       NA    
SpeciesNy.Ronda              NA         NA      NA       NA    
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SpeciesS.rubriflora      0.2721     1.4732   0.185   0.8535    
SpeciesS.sphenanthera        NA         NA      NA       NA    
hole                    -0.8476     0.3887  -2.181   0.0292 *  
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
(Dispersion parameter for binomial family taken to be 1)
    Null deviance: 367.60  on 363  degrees of freedom
Residual deviance: 239.00  on 350  degrees of freedom
AIC: 267.00
Number of Fisher Scoring iterations: 15
model2<-glm(binary~Light+Species+hole,family=binomial)
> anova(model1,model2,test="Chi")
Analysis of Deviance Table
Model 1: binary ~ Light + Site + Species + hole
Model 2: binary ~ Light + Species + hole
  Resid. Df Resid. Dev  Df Deviance P(>|Chi|)
1       350    239.005                       
2       354    243.400  -4   -4.395     0.355
summary(model2)
Call:
glm(formula = binary ~ Light + Species + hole, family = binomial)
Deviance Residuals: 
    Min       1Q   Median       3Q      Max  
-1.8469  -0.5410  -0.2690  -0.1061   3.2117  
Coefficients:
                      Estimate Std. Error z value Pr(>|z|)    
(Intercept)             0.6204     1.1096   0.559 0.576047    
LightYes                2.0831     0.4096   5.086 3.66e-07 ***
SpeciesN.lutea         -2.8198     1.0398  -2.712 0.006692 ** 
SpeciesNy.caerulea     -0.3327     1.0225  -0.325 0.744909    
SpeciesNy.Midnight     -4.2917     1.2408  -3.459 0.000543 ***
SpeciesNy.nouchali     -3.0555     1.0833  -2.821 0.004793 ** 
SpeciesNy.Ronda        -4.8611     1.4303  -3.399 0.000677 ***
SpeciesS.rubriflora    -4.0405     1.4496  -2.787 0.005313 ** 
SpeciesS.sphenanthera  -4.3046     1.4357  -2.998 0.002715 ** 
hole                   -0.8658     0.3855  -2.246 0.024705 *  
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
(Dispersion parameter for binomial family taken to be 1)
    Null deviance: 367.60  on 363  degrees of freedom
Residual deviance: 243.40  on 354  degrees of freedom
AIC: 263.4
Number of Fisher Scoring iterations: 6
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Appendix E: MADS-box sequences used for phylogenetic 
analysis 
Table E1: A-, B-, C- and E-class MADS-box genes from Arabidopsis thaliana, and AP3- and PI-
like genes from other basal angiosperms and Antirrhinum
Species Gene Genbank accession
Amborella trichopoda AmAP3 AB154845
Amborella trichopoda AP3-1 AY337743
Amborella trichopoda AP3-2 AY337744
Antirrhinum majus DEF X52023
Antirrhinum majus GLO X68831
Arabidopsis thaliana AGL6 NM130127
Arabidopsis thaliana AGL8 NM125484
Arabidopsis thaliana AGL15 NM121382
Arabidopsis thaliana AGL24 NM118587
Arabidopsis thaliana AGL32 AY141212
Arabidopsis thaliana AP1 NM105581
Arabidopsis thaliana AP3 NM115294
Arabidopsis thaliana CAL NM102395
Arabidopsis thaliana PI NM122031
Arabidopsis thaliana SEP1 NM121585
Arabidopsis thaliana SEP2 NM111098
Arabidopsis thaliana SEP3 NM102272
Arabidopsis thaliana SEP4 NM201682
Arabidopsis thaliana SHP1 NM1157740
Brasenia schreberi BsAP3 AB158355
Brasenia schreberi BsPI AB158356
Cabomba caroliniana CcAP3 AB158353
Cabomba caroliniana CcPI AB158354
Euryale ferox EtAP3 AB158349
Euryale ferox EfPI AB158350
Illicium henryi AP3 AY436729
Illicium henryi AP3-2A AY436730
Illicium henryi AP3-2B AY436731
Illicium henryi AP3-3A AY436732  
Illicium henryi AP3-3B AY436733
Illicium henryi PI-1 AY436734
Illicium henryi PI-2 AY436735
Nuphar advena AP3.1 DQ004464
Nuphar advena AP3.2 DQ004465
Nuphar advena PI AY337736
Nuphar japonica AP3.1 AB158357
Nuphar japonica NtAP3.2 AB158358
Nuphar japonica NjPI.1 AB158359
Nuphar japonica NjPI.2 AB158360
Nymphaea species AP3 class I AY436740
Nymphaea species AP3 class II AY436741
Nymphaea species AP3 class III AY436742
Nymphaea species AP3 class IV AY436743
Nymphaea species PI AY436744
Nymphaea tetragona NtAP3.1 AB158351
Nymphaea tetragona NtAP3.2 AB166793
Nymphaea tetragona NtPI AB158352
Petunia x hybrida TM6 AF230704
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Appendix F: Alternatively spliced AP3-like cDNAs from Nymphaea
NympAP3 class I-IV sequences are from Stellari et al. (2004)
NympAP3 genomic AATCTCAGCGAAGCACTTAAGAAAATCAGATTAACACTTGTATGTCTTTTTAATCCTTACGTCTAAAATCATTTAATTATCTA
NympAP3 class I AATCTCAGCGAAGCACTTAAGAAAATCAGATTAACACTT
NympAP3 class II AATCTCAGCGAAGCACTTAAGAAAATCAGATTAACACTT
Ny.ca.AP3 class II AATCTCAGCGAAGCACTTAAGAAAATCAGATTAACACTT
NympAP3 class III AATCTCAGCGAAGCACTTAAGAAAATCAGATTAACACTT
Ny.ca.AP3 class III AATCTCAGCGAAGCACTTAAGAAAATCAGATTAACACTT
NympAP3 class IV AATCTCAGCGAAGCACTTAAGAAAATCAGATTAACACTT










NympAP3 class I                                                                                                                       GAGAACAAAATCAAAAGACAAATTGATACCTGT
NympAP3 class II                                                                                                                       GAGAACAAAATCAAAAGACAAATTGATACCTGT
Ny.ca.AP3 class II                                                                                                                       GAGAACAAAATCAAAAGACAAATTGATACTAGT
NympAP3 class III                                                                                                                       GAGAACAAAATCAAAAGACAAATTGATACCTGT
Ny.ca.AP3 class III                                                                                                                       GAGAACAAAATCAAAAGACAAATTGATACTAGT
NympAP3 class IV                                                                                                                       GAGAACAAAATCAAAAGACAAATTGATACCTGT
Ny.ca.AP3 class IV                                                                                                                       GAGAACAAAATCAAAAGACAAATTGATACTAGT
Exon 3 Intron 3
Intron 3
Intron 3 Exon 4
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NympAP3 genomic AGGAAAAAGGTAAATGGGTTGTCGAGATCCAACGTTTATTTTGTGGGCATGGATTAACGGTGGTTCTTGGTGCAGATAAG
NympAP3 class I AGGAAAAAG                                                                                                                                                                    ATAAG
NympAP3 class II AGGAAAAAGGTAAATGGGTTGTCGAGATCCAACGTTTATTTTGTGGGCATGGATTAACGGTGGTTCTTGGTGCAGATAAG
Ny.ca.AP3 class II AGGAAAAAGGTAAATGGGCTGTCGAAATCCAACATTTATTTTGTGGGCATGGATTAACGGTGATTCTTGATGCAGATAAG
NympAP3 class III AGGAAAAAGGTAAATGGGTTGTCGAGATCCAACGTTTATTTTGTGGGCATGGATTAACGGTGGTTCTTGGTGCAGATAAG
Ny.ca.AP3 class III AGGAAAAAGGTAAATGGGCTGTCGAAATCCAACATTTATTTTGTGGGCATGGATTAACGGTGA TTCTTGATGCAGATAAG
NympAP3 class IV AGGAAAAAG
Ny.ca.AP3 class IV AGGAAAAAG
NympAP3 genomic GTTAGCCGATGACCCTAGAAACAAAGGTTTCAGGGTATATAACTTGAACCATGCTTTGAAGTCATGCTATTTGCACTATGT
NympAP3 class I GTTAGCCGATGACCCTAGAAACAAAGGTTTCAGG
NympAP3 class II GTTAGCCGATGACCCTAGAAACAAAGGTTTCAGG






NympAP3 class I                                                                                                            GAGTTACAAGAAGAAATCAATTGTAGT
NympAP3 class II                                                                                                            GAGTTACAAGAAGAAATCAATTGTAGT
Ny.ca.AP3 class II                                                                                                            GAGTTACAAGAAGAAATCAACTGTAGT
NympAP3 class III                                                                                                            GAGTTACAAGAAGAAATCAATTGTAGT
Ny.ca.AP3 class III                                                                                                            GAGTTACAAGAAGAAATCAACTGTAGT
NympAP3 class IV                                                                                                            GAGTTACAAGAAGAAATCAATTGTAGT
Ny.ca.AP3 class IV                                                                                                            GAGTTACAAGAAGAAATCAACTGTAGT
Exon 4 Intron 4
Exon 5
Intron 5
Exon 6
Intron 5
